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ABSTRACT 

 

 

Enhancing Spider Silk Protein Materials through Continuous Electrospinning and       

 

    Photo-initiated Cross-linking 

 

 

by 

 

 

Dan Gil, Doctor of Philosophy 

 

Utah State University, 2018 

 

Major Professor: Dr. Randy Lewis 

Department: Biology 

 

 

One of the most innovative techniques for creating robust fibers is that of 

electrospinning. Using this technique our dopes (solubilized spider silk proteins) are placed 

into a syringe with a positive electrode attached and the negative electrode attached to the 

target (rotating drum/funnel or stationary target). With the electrodes in place, an electric 

field is created. This forces the dope droplet at the end of the syringe to be ejected at an 

incredibly quick rate. The rate creates an elongation factor that induces nanofiber formation 

generating mats comprised of thousands of nanofibers. Traditionally electrospinning 

produces a mat that must then be processed into yarns/fibers. Our group has modified the 

electrospinner to be able to produce a continuous yarn composed of several hundred 

nanofibers (approximately 300-500 nanofibers). This continuous yarn is then reeled 

outside of the electrospinner and collected onto a spindle for further processing. Decreasing 

the diameter of spider-silk fibers will eliminate stress focal points, thus increasing 

mechanical properties surpassing that of natural silk. 
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To further enhance the spider-silk materials our group is employing a technique 

traditionally used to analyze protein-to-protein interactions. The method is known as 

photo-induced cross-linking of unmodified proteins (PICUP). This technique creates a 

direct carbon-to-carbon bond between tyrosines within the proteins. This di-tyrosine cross-

link is how our spider-silk proteins will be enhanced. By incorporating two additives to our 

dopes, then irradiating them with a high power light source, tyrosines are covalently cross-

linked enhancing the spider-silk protein materials. To increase the efficiency of this 

reaction our lab created the Cross-link Initiating Photodiode (CLIP), a 200w LED light 

source designed for maximum cross-link. Using the CLIP, our spider-silk protein materials 

have already seen a seven to ten fold increase in mechanical properties. These cross-linked 

materials can further be modified through post-treatments using alcohols, creating a 

plethora of diverse, tunable materials.  

 (122 pages) 
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PUBLIC ABSTRACT 

 

 

Enhancing Spider Silk Protein Materials through Continuous Electrospinning and  

 

   Photo-initiated Cross-linking 

 

 

Dan Gil 

 

 

Spider-silk is known as one of the stronger natural materials, unfortunately it is 

impossible to farm spiders due to their territorial and cannibalistic nature. To address this 

issue, researchers have studied spider-silk to discover how it is produced in nature. From 

their results, spider-silk is composed of large sized proteins produced in two different cell 

types. Using this knowledge, researchers created transgenic organisms capable of 

producing spider-silk proteins in large quantities. Using these proteins, several groups 

have created fibers, films, hydrogels, and adhesives with robust and versatile properties. 

Wet-spinning is a technique commonly used to create fibers from spider-silk 

proteins. These fibers unfortunately do not compare to the mechanical properties of 

natural silk. To address this researchers have used a method known as electrospinning to 

create spider-silk fibers with substantially smaller diameters. In doing so, these 

electrospun fibers have increased surface area and enhanced mechanical properties. 

Using this method, our group has modified the electrospinner to be able to produce 

continuous fine diameter yarns composed of hundreds of nanofibers with mechanical 

properties surpassing that of natural silk. 

Fibers aside, spider-silk proteins can be used to create a variety of different 

biocompatible materials. To further enhance these materials, our group has utilized a 

technique traditionally used for observation. This technique employs a high intensity light 
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source to initiate cross-links within the proteins. With this method, our spider-silk protein 

materials have increased their mechanical properties by a factor of seven. These materials 

can further be modified through post-treatments, resulting in tunable materials with 

diverse and robust mechanical properties.  
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CHAPTER I 

 

INTRODUCTION  

 

 Spider-silks are some of the most unique and robust natural materials in existence. 

Created by arachnids and select insects, silk possesses unmatched physical and chemical 

properties. While some spiders are capable of producing only a  few types of silk, the genuis 

orb-weavers can produce up to six different silk fibers 

and one glue (Figure 1.1).1 The properties of each silk 

type range from stretching to approximately 300% of 

their original length to absorbing 4 GPa of force.2  These 

mechanical properties, as well as biocompatibility, are 

the reasons humans have aspired to use silk throughout 

time. 

History of Silk 

The novel uses of spider and moth silks were first noted in approximately 500 A.D., 

ancient Greeks used it in a medical setting as a gauze for wounds because there was no 

immunological response, representing biocompatibility. China recognized Bombyx mori 

silk’s potential, attempting to keep it as a secret but to no avail.3  Cultures spread across 

the globe have used spider-silk to create fishing lines, fishing nets, and garments.4,5   

The earliest documented inquiries into the possible applications of spider-silk were 

during the 18th century. The French government asked two naturalists, Rene-Antoine 

Ferchault de Reaumur and Bon de Saint-Hilaire, to study the material.4,6,7 Their research 

ended in failure due to difficulties associated with farming spiders; spiders’ territorial, 

Figure 1.1: Nephila clavipes, 

golden orb weaver.1 
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cannibalistic nature made it relatively impossible to farm spiders efficiently.6–9 

Nevertheless, interest in using spider-silk in novel manners continued to grow as 

researchers set out to uncover how spiders make silk in nature. 

Spider-silk in Nature 

The potential for spider-silk 

is widely acknowledged. However, 

the why and how were not 

understood until recently. Nephila 

clavipes, known as the Golden Orb 

Weaver, is one of the most studied 

species of spiders. This highly 

evolved spider is capable of 

producing orb webs that are 

comprised of six different silks 

(depicted in Figure 1.2)10 which can 

withstand weather, time, and 

extreme impact.11   Each silk has 

been tuned through evolution for a specialized function within the spiders’ life, and each 

is named after its gland of origin.  The most researched silk protein is that of major 

ampullate, which is known as dragline silk for its remarkable toughness. Making up the 

radial spokes in the web, as well as the safety line for spiders, dragline silk has been 

reported to absorb 4 GPa of force and stretch 30% prior to failure. An interesting discovery 

Figure 1.2: Orb-weaver glands responsible for the 

six different silks and one glue.10 
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is that dragline silk is composed of 2 proteins: major ampullate silk protein 1 (MaSp1)12 

and major ampullate silk protein 2 (MaSp2)13. To anchor the radial spokes and join silk 

strands together, spiders use piriform silk, which has been reported to have greater 

mechanical strength than dragline due to the fact that the dragline will fail prior to the 

anchor points.  The capture spiral within the web is made up of flagelliform silk, designed 

to extend to up to 300% its original length. Aciniform silk, a strong yet soft silk, is used to 

wrap up prey. This silk makes up the first layer of egg cases, providing cushion, and is then 

wrapped in tubuliform silk, a tough, rigid silk used as a protective case. Instead of laying 

down an entirely new web, spiders make repairs to any destroyed region. They do so using 

a silk known as minor ampullate, which serves as a temporary solution until major 

remodeling can be performed on the web.  The last silk type is in a class of its own because 

it’s not a fiber at all. Aggregate silk is produced as a viscous liquid that can be seen as 

droplets along the web’s structure. It is believed to keep the other silks hydrated by forming 

an aqueous coating and to possess adhesive properties.11 

           Silk glands are comprised of 2 different types of cells: specialized columnar 

epithelial cells responsible for synthesizing the protein and cells for excreting the protein 

into the lumen of the gland. Once the proteins are created and stored in the gland, spiders 

are able to create silk fibers through a pulling motion in which the proteins exit the spider 

through a spinneret located at the end of the abdomen. As the proteins move through the 

small ductwork within the glands, sheer stress is imparted (due to small diameter ducting 

and the S shaped curve, seen in Figure 1.316) on the proteins, causing a conformational 

shift believed to be crucial in the switch from a liquid to solid state.14–16 It was found that 

this conformational shift is due to a property seen few and far between with proteins, self-
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assembly into higher structures. Whenever spider-silk proteins endure sheer stress, they 

undergo self-assembly into fibers, aligning into the proper orientation to create robust and 

versatile materials. Below in Figure 1.316 is the proposed process for the conversion of the 

proteins from a liquid to solid state.  

When the spinnerets were studied more closely, researchers discovered that each 

one is comprised of tiny spigots, a muscular structure that enables spiders to cut the silk 

fiber, “clamp” down onto the fiber pausing silk production, and chose a different silk 

type.17–19 By isolating the glands, researchers were able to run PCR on each, creating a 

library of the genetic sequences for each specific silk type.20  

With a better understanding of how spiders produce the liquid protein solution and 

convert it into a solid state, researchers set out to uncover the structure and thus the function 

of spider-silk proteins. Recent advances allowed us to analyze the genes responsible for 

producing spider-silk proteins, generating a vast amount of crucial information, such as 

their amino acid sequence.  By understanding the protein structure, and thus their function, 

researchers hoped to recreate the process within the laboratory setting to create a novel 

manner for efficiently producing spider-silk proteins, eliminating the need to farm spiders.  

 

Figure 1.3: Duct-work for spider glands16 
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Composition and Structure of spider-silk proteins 

Researchers during the late 1980s and into early 2000s used several advanced 

methods to uncover the mysteries within spider-silk proteins.21 Some of the most valuable 

techniques that allowed them to define the composition and structure of the spider-silk 

proteins were nuclear magnetic resonance (NMR)22–29,29–33, Fourier transform infrared 

spectroscopy (FT-IR)34–36, X-ray diffraction (XRD)26,37–40, and Raman spectroscopy.41,42 

Using these techniques, researchers were able 

to determine the exact amino acid sequence for 

each type of silk protein, giving an insight as to 

how spiders create such robust and versatile 

materials. The most studied silk type is dragline 

silk due to its impressive mechanical properties, 

seen below in Table 1.1.43   Possessing such 

admirable properties, one would surmise that 

dragline spider-silk proteins would have a very complex array of amino acids and structural 

motifs, making it rather challenging to synthesize them within the laboratory.  Another fact 

about spider-silk that also lead researchers to believe it rather difficult to synthesize in the 

laboratory is the size of the proteins. MaSp1 and MaSp2 are approximately 250 kDa12,13 

each, making them some of the largest proteins in nature.   

Fortunately for researchers, spider-silk proteins tend to be relatively simple with 

regards to the number of amino acids they’re comprised of.  Glycine, one of the smallest 

amino acids (with regards to the side chains) was found to be the major component of the 
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major ampullate protein making up approximately 46% of the sequence (with regards to 

total amino acid content).  Only eight other amino acids were found to contribute any 

significant amount to the sequence.2,21,24,26,32,35,41,42,44–49  Further analysis revealed that the 

proteins are made up of three sections: a C-terminus, repeating secondary structures 

(motifs), and an N terminus. The exact role of the C-terminus is unclear. Researchers 

believe it is responsible for enabling the proteins to be stored at high concentrations within 

the lumen of the glands, preventing them from solidifying in the gland (approximately 60% 

w/v within the gland), as well as a chemical switch for the protein to initiate its 

conformational shift from a liquid to solid state as it exits the spinneret.50,51 The role of the 

N-terminus is hypothesized to be a secretion signal, exporting the proteins into the lumen 

of the gland.50,51 It was also discovered that the N-terminus and C-terminus are highly 

conserved among spider-silk proteins across most species, leading researchers to believe 

they are important with regards to fiber formation.51  

Without fully understanding the termini, the motifs are of highest interest due to 

the secondary structures observed within the proteins. There are three secondary structures 

predominately found within spider-silk proteins: beta-spirals, beta-sheets, and glycine-II-

helices (Figure 1.4).2,43 These secondary structures are motifs or repeating units throughout 

the sequence, hypothesized to be the source of the impressive properties of spider-silk. The 

beta-sheets are composed of predominately poly-alaninen or glycine-alaninen sequences 

and are responsible for the mechanical strength of dragline silk. Using XRD, this motif was 

also found to be highly crystalline in structure, creating a rigid backbone for the protein.37 

The beta-spirals are composed of either GPGGX (where X is usually Y or Q) or GPGQQ 
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repeating units. Extensive NMR testing demonstrated that the proline found within the 

sequences yields a 180 bend to the structure, creating a spring-like helix hypothesized to 

be responsible for the impressive strain found with some spider-silks. The third and final 

motif found in dragline silk is that of the glycine-II helices, which is composed of GGX 

sequences and is hypothesized to contribute to the overall strength of spider-silk. 2,52,53 All 

three of these motifs continuously repeat within the spider-silk sequence, creating a rigid 

backbone that is connected with spring-like helices, which creates a robust yet extensible 

material. The biocompatibility of silk is derived from the rather simplistic pallet of amino 

acids and structural motifs. The design of spider-silk proteins creates a material that the 

human body’s cells can’t create an antibody for. With all of this in mind, researchers set 

out to synthesize spider-silk proteins within the laboratory setting through a number of 

vectors. 

Synthesizing Recombinant Spider-silk Proteins 

To eliminate the issues associated with farming spiders, researchers relied on 

genetic engineering to create a novel manner for producing spider silk proteins. The goal 

was to have viable amounts of spider silk proteins expressed through transgenic organisms, 

to be later purified and extracted for use within the laboratory setting. Due to the proteins’ 

large size (250 kDa), researchers encountered issues incorporating genes. To overcome this 

issue, researchers created truncated versions of the proteins (15, 30, 60, 120 kDa), 

facilitating the gene transfer into a number of hosts. Using this method, the successful 

incorporation and expression of these proteins was observed in bacteria (Escherichia 

coli)54–60, yeast61, mammalian cells62, and Sf9 insect cell lines.60 With advances in genetic 
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engineering techniques such as CRISPR-Cas9 and Talons, researchers were able to 

incorporate and express the genes through higher organisms such as Bombyx mori63, plants 

(potatoes and tobacco)64, and even goats.65,66 With the goal achieved, researchers were 

capable of producing recombinant spider-silk proteins (rSSp) in large enough quantities to 

create a myriad of rSSp-based materials such as fibers, films, gels, foams, sponges, and 

even adhesives. In turn, these materials can be used in industrial, commercial, 

technological, and medical settings. There has even been evidence of the rSSp materials 

promoting healthy cell growth, creating a venue for robust, renewable, and biocompatible 

materials.67,68  

To begin the process, the proteins must first be expressed in the transgenic 

organisms and then extracted and purified.65 With the proteins purified and lyophilized into 

a powder, researchers initially used chaotropic agents such as 1,1,1,3,3,3-hexafluro-2-

propanol (HFIP) or 9M lithium bromide to solubilize the proteins into a viscous solution 

known as a dope.  The downside to this approach is that by using chaotropic agents it 

cannot be upscaled to create large volume dopes. Attempting to find another means of 

solvation, researchers at Utah State University discovered that by using water as the solvent 

and using heat, as well as pressure, the proteins could be forced into solution, creating an 

aqueous-based rSSp dope.66 By using water as the solvent, the researchers made it possible 

to upscale the process of creating large volume dopes for conversion of the above 

mentioned rSSp materials. 

Producing rSSp Fibers through Wet-Spinning 

With a better understanding of how the proteins work, the next step was to discover 
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their possible applications. Instinctually what comes to mind is producing fibers and yarns 

made from rSSp that potentially have a strength-to-weight ratio outmatching any natural 

or synthetic fibers currently available. The first attempts at creating fibers from rSSp were 

performed using a technique known as wet-spinning, which got its name from the fact that 

the rSSp dope is extruded into a coagulation bath containing an alcohol (isopropyl alcohol, 

methanol, ethanol, etc). The coagulation bath is hypothesized to mimic the internal process 

of dehydrating the silk protein, aiding in maturing the proteins into their secondary, tertiary, 

and final quaternary structure.  The dope is loaded into a syringe attached to peak tubing 

with a small internal diameter (0.245 mm). The small diameter peak tubing is used to mimic 

the size of the spinneret to induce sheer force, hypothesized to initiate the conformational 

shift from a liquid to solid state. This peak tubing is then submerged into the coagulation 

bath and the dope is extruded. This causes a conformational shift from liquid to solid, 

resulting in a solid fiber. Fibers produced in this manner with no further processing have 

shown less-than-desirable properties, leading researchers to believe there are steps missing 

to achieve properties similar to natural spider-silk. It is also important to note that the fibers 

produced at this point are still much larger than those of natural spider-silk, at least double 

the diameter (approximately 20 µm), and do not compare to its mechanical strength.55 To 

address this, researchers set out to further modify the fibers to decrease the fiber diameters 

and increase the mechanical properties. The synthetic wet-spun fibers were improved 

through a series of post-stretching while exposing the fibers to different post-stretch baths. 

When these fibers were analyzed, it was discovered that the post-stretching had increased 

the degree of crystallinity, inducing further beta-sheet formation and orienting the 

crystalline regions parallel to the fiber axis. 55,69,70 
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Advances aside, there are still drawbacks to the wet-spinning method. Researchers 

were limited to producing one continuous fiber at a time, making it rather tedious and 

laborious to produce viable amounts of fiber. To address this, several groups attempted to 

create multi-head ports with the goal of creating up to 25 continuous fibers at a time. 

Problems continued to arise, such as large void spaces that needed to be filled with dope to 

have all 25 ports producing fibers, insufficient flow to have all 25 ports producing fibers, 

ports clogging and disrupting the process, etc. A new approach was needed to produce 

viable amounts of rSSp fibers to meet the demand for robust, renewable, biocompatible 

materials. To accomplish this, researchers used a novel technique that was discovered in 

the 16th century to create fibers.71 

History of Electrospinning 

Discovered incidentally by William Gilbert, 

electrospinning has been used by researchers dating back to the 

16th century. The first documented instance of creating fibers 

from electrospinning was later in 1887 by the Sir Charles Vernon 

Boys.72 Later in 1914, John Zeleny established the parameters for 

successful electrospinning, such as humidity, temperature, and 

the distance between positive and negative electrodes.73 The 

biggest electrospinning discovery is credited to Sir Geoffrey Ingram Taylor and happened 

between 1964 to 1969. Taylor mathematically modelled the shape of the cone formed by 

the fluid droplet during electrospinning, which is crucial to produce nanofibers.  This is 

known as the Taylor Cone (Figure 1.4),  which is formed due to the  entanglement property 

Figure 1.4: Taylor cone  



11 
 

 

in which the electric field causes the polymer chains to assemble into fibers, propagating 

continuous fiber formation from the solution.74  With a better understanding of how and 

why the Taylor cone forms, researchers have been able to advance electrospinning 

techniques to produce fibers using a number of techniques and polymers.75  

Advancements in Electrospinning 

Through electrospinning, materials composed of countless numbers of nanofibers 

are produced, creating products with remarkable properties. These, in turn, have 

increased surface area due to nanofiber composition. For this reason, electrospun 

materials are typically used in the medical setting for filtration purposes or in the 

automobile industry.76–78  An illustration of traditional electrospinning can be seen below 

in Figure 1.5.79 Nanofibers have become 

well known in the scientific community 

due to their mechanical and chemical 

properties. It has been demonstrated that 

by decreasing the diameters of fibers and 

yarns, the stress and strain thresholds tend 

to increase. Fibers and yarns tend to fail 

due to stress focal points such as diameter inconsistencies, or anywhere stress can 

concentrate and cause the fiber to fail. By decreasing the diameters to nanofiber ranges, 

you are creating a perfect, uniform fiber capable of distributing the force throughout. This 

eliminates stress focal points resulting in fibers with unprecedented mechanical 

properties.80–82  

Figure 1.5: Mat electrospinning.91 
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 Traditional electrospinning employs polymers to produce mats with varying 

properties composed of nanofibers with diameters ranging from 200-700 nm.83,84 The 

result is a tough mat that appears solid but is porous, creating a material perfect for 

filtration. Initially, these mats were collected onto a stationary target, resulting in the 

nanofibers being oriented in every direction, seen in Figure 1.6.79,84  To increase the 

mechanical properties, researchers started to incorporate a rotating drum to collect the 

electrospun fibers. This created mats with oriented fibers, thus increasing the mechanical 

properties of the materials 

directionally.85 There have been 

several variations of 

electrospinning aside from the 

rotating drum. These techniques 

attempted to increase the 

production capacity of electrospun 

fibers and create novel methods. 

These methods include disc-

electrospinning86, magneto-electrospinning87, and vortex electrospinning88.  Even with 

the advancements of electrospinning, researchers were unable to create a process that 

resulted in a continuous electrospun material. These methods would either produce mats 

that had to be further processed into yarns or fibers of limited length. The only available 

solution to increase the electrospun products’ length was to increase the size of the target, 

which came with its own limitations.   

Reinventing Electrospinning 

Figure 1.6: Mat with randomly oriented fibers.91 
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 In 2010, a group at Deakin University lead by Dr. Tong Lin created a novel 

method for producing continuous electrospun yarns.89 This was performed by modifying 

the targets used for collecting the fibers. Their setup consisted of having two pumps 

holding syringes with metal tips containing polymers, one with the cathode attached and 

the other with the anode attached to the tips.   The syringe tips are approximately 6 inches 

apart and angled towards one another. A grounded funnel connected to a motor is placed 

in front of the syringe tips, also 6 inches away, seen in 

Figure 1.7.89  

With the electric field in place, fibers collect at 

the mouth of the rotating funnel, creating a web across 

the mouth of the funnel. After a sufficient layer of fibers 

is formed across the funnel, a glass rod is brought in 

close proximity to the funnel. The capacity for glass to 

hold a charge causes the fibrous web to attach to the 

glass rod, creating a twisted fibrous cone due to the 

rotation of the funnel. The glass rod is then pulled away 

steadily from the funnel, resulting in a highly twisted yarn 

that is continuously produced from the fibers gathering at 

the funnel mouth. The yarn in turn is made up of hundreds of nanofibers, resulting a yarn 

with increased mechanical properties with no length limitations, seen in Figure 1.8.97 

Utilizing this method, the problem of length limitation has been solved created a means of 

producing viable amounts of electrospun fibers and yarns. 

Figure 1.8: Highly twisted 

continuous electrospun yarn.97 

Figure 1.7: Deakin University 

design for continuous 

electrospinning.89 
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Research Goals for Continuous Electrospinning of rSSp 

Recombinant spider-silk protein fibers produced from wet-spinning techniques 

possess remarkable mechanical properties. However, they have failed to match the tensile 

strength of its natural counterpart. Currently, Bombyx mori silk and rSSp have been 

electrospun to create mats that are processed into yarns. These possess mechanical 

properties approaching that of natural silk, but are limited in length due to traditional 

methods.80,90–95 Employing the technique developed by Tong Lin, our goal is to modify our 

iMe electrospinner to produce continuous multi-nanofiber yarns derived from pure rSSp, 

as well as composites. The properties of these yarns will surpass those of natural silk, which 

is accomplished by decreasing the diameters of rSSp fibers from micrometers to 

nanometers creating a material with no stress focal points. By combining these fibers into 

a highly twisted yarn, the properties will surpass that of natural silk, resulting in continuous 

yarns with novel mechanical and chemical properties. The post-stretching of these yarns 

will allow us to tune the mechanical properties by modifying the structures within the 

proteins observed during wet-spinning. The result will be a product that is lightweight, 

robust and versatile, with exceptional mechanical properties when compared to natural silk. 

These materials will be studied for their mechanical properties, ability to be functionalized, 

and in appropriate cases, their protein structure.  The techniques and results for these 

experiments are presented in Chapter 2- Continuous Electrospinning of Spider-silk 

Proteins Creates Nanofiber Yarns with Unprecedented Properties. 

Using rSSp to Create Non-Fiber Biomaterials 

Fibers are just one of the remarkable products that can be created from rSSp. As 
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stated earlier, researchers have created a variety of other materials such as hydrogels, 

sponges, foams, films, and adhesives from rSSp.67,96–100 The human body is capable of 

healing itself to a degree. However, when there is a large area that needs to be rebuilt, we 

cannot always compensate for the loss of cells.  To address this, researchers have employed 

hydrogels for tissue engineering, placing them in the body and creating a scaffold for cells 

to thrive and build tissue.101–104 Hydrogels, by definition, are a water-swollen network of 

cross-linked polymer chains.105 Currently hydrogels are created from collagen, keratin, 

poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA), poly(lactide-co-glycolide) (PLG), 

just to name a few.102,105,106 The creation of water-based, hydrophilic hydrogels has enabled 

researchers to create a biocompatible media, promoting healthy cell growth.  However, the 

process involved with synthesizing these polymers is laborious and creates toxic 

byproducts.107–109 To address these issues, some groups have created hydrogels using rSSp, 

yielding renewable biocompatible materials with novel properties. This was achieved when 

a small percentage of acid was combined with rSSp dopes. Within an hour, the solution 

would solidify into a hydrogel taking the form of the mold. Even with this advance, these 

hydrogels lack the mechanical properties necessary for certain applications such as a 

cartilage or bone replacement. Our group has applied a technique traditionally used for 

observation in a novel manner to address these issues.   

Research Goals for Photo-initiated Cross-linking of rSSp Materials  

Photo-induced cross-linking of unmodified proteins, or PICUP, is traditionally used 

to observe protein-to-protein interactions. This reaction requires the proteins, tris(2,2’-

bipyridyl) dichlororuthenium(II) hexahydrate (ruthenium), ammonium persulfate, and a 
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high-intensity light source.110 These protein interactions are initiated when the sample is 

irradiated for an extended period of time and a direct carbon-to-carbon bond forms between 

tyrosines, producing intra-molecular cross-linking. Employing this technique, our rSSp 

dopes will be modified to instantaneously cross-link, solidifying in the process. 

Preliminary experiments with a 1000w flashlight have been able to enhance the mechanical 

properties of our cross-linked hydrogels by a factor of 4, expanding the use of our materials 

to a possible cartilage or bone replacement.   

Our group has created the Cross-link Initiating Photo-diode, or CLIP — a high-

intensity light source designed for maximum cross-linking to efficiently drive the intra-

molecular cross-linking within our rSSp materials. The CLIP and our methods will force 

the reaction to become instantaneous, generating novel biomaterials. This will enable us to 

create shapes by “3D printing” rSSp materials instead of being confined to a mold. The 

cross-linking rSSp dopes will yield hydrogels, foams, sponges, and adhesives that can be 

activated with the CLIP to crosslink the rSSp material into a robust and stable form.  These 

materials will be studied for their mechanical properties, ability to be functionalized, and 

in appropriate cases, their protein structure.  The techniques and results for these 

experiments are presented in Chapter 3- Enhancing Spider-silk Protein Materials through 

Photo-Initiated Cross-linking.  
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CHAPTER II 

CONTINUOUS ELECTROSPINNING OF SPIDER SILK PROTEINS CREATES 

NANOFIBER YARNS WITH UNPRECEDENTED PROPERTIES 

Co-Authors include: Bailey McFarland, Blake Taurone, Thomas I. Harris, Justin A. 

Jones, and Randy V. Lewis 

ABSTRACT 

Traditional means of creating fibers from recombinant spider silk proteins (rSSp) 

have produced materials with properties that don’t measure up to their natural counterpart 

(200 MPa versus 4,000 MPa). To address this, our laboratory has used a novel method of 

producing rSSp yarns composed of nanofibers known as electrospinning. By decreasing 

the fiber diameter of spider silk yarn, the number of stress focal points it contains decreases 

and thus, the mechanical properties increase. This method employs a large electrical field 

to create fibers from polymer or protein solutions when an elongation factor is initiated. 

This, in turn, increases the self-assembly of polymers, known as the chain entanglement 

property1, and initiates the formation of nanofibers that can be collected. Unfortunately, 

traditional electrospinning cannot create continuous products because current targets are 

limited in size. Our group has modified our electrospinner to be able to produce continuous 

yarns comprised of several hundred rSSp nanofibers (approximately 300-500). This 

continuous yarn is then reeled outside of the electrospinner and collected onto a spindle for 

post-processing, further enhancing the mechanical properties of the material. Using this 

technique, we have produced rSSp multi-nanofiber yarns with a stress of 3548 MPa and a 

diameter of 14 μm.  
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Introduction 

  Synthetic polymers such as Kevlar (max stress of 3600 MPa and max elongation of 

2.4%)2 are unmatched in mechanical properties when compared to natural materials, except 

for one. Spider silk has the potential to surpass the maximum stress and elongation of any 

other material known because of the protein structures found in the material. The 

mechanical properties range from absorbing massive amounts of stress (up to 4000 MPa) 

to extending 300% the original length before failure.2 The structures within spider silk 

possess remarkable mechanical properties, as well as biocompatibility. For these reasons, 

spider silk has attracted the attention of the scientific community and the media. In nature, 

spiders are capable of producing up to six silk types and one glue that cover a wide range 

of mechanical properties, as each silk is designed for a specialized function. Unfortunately, 

it is relatively impossible to farm spiders for silk, forcing researchers to search for another 

method of attaining viable amounts of spider silk. 

Currently, the main technique for creating synthetic spider silk is known as wet 

spinning. During this process, recombinant spider silk proteins are solubilized into a 

solution known as a dope. This is ejected into an alcohol bath, producing up to 8 fibers 

with diameters approaching those of natural silk. It was the goal of researchers to create 

synthetic spider silk fibers with mechanical properties close to the natural counterpart, 

eliminating the need to farm spiders. Unfortunately, these fibers possess decreased 

mechanical properties (200 MPa)3, possibly due to the truncated spider silk protein size 

(natural silk is 250 kDa while synthetic rSSp are 120 kDa) and to post-treatments of the 

material. To address the issue of performance, researchers have employed a novel 

technique used to create nanofibers out of recombinant spider silk proteins known as 
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electrospinning. Several groups have demonstrated successful electrospinning of silk 

proteins -- spider and Bombyx mori-- using HFIP as the solvent.  

The ability of electrospinning to increase mechanical properties is based on the 

diameter of the fibers created. Fibers fail due to imperfections such as diameter 

inconsistencies or knots that become stress focal points. As the diameter decreases, so do 

the number of stress focal points enabling the fiber to distribute stress uniformly along its 

entire length and thus enhance its mechanical properties. During electrospinning of 

polymers and proteins, hundreds of nanofibers collect together to form a material that is 

dense yet porous due to its structure. For this reason, electrospun nanofibers have become 

the focus of material engineering due to their large surface area and superb mechanical 

properties. Electrospinning traditionally creates a “Taylor cone” of nanofibers collecting 

to form a mat, which is typically used for filtration purposes or processed into yarns. 

To address the issue, our research group has employed the techniques developed 

by Deakin University4 to modify the iMe electrospinner to create continuous electrospun 

yarns. Using rSSp to electrospin multi-nanofiber yarns, the resulting material and chemical 

properties will be applicable to the industrial, commercial, and medical settings. These 

multi-nanofiber yarns will possess impressive mechanical properties and biocompatibility 

similar to spider silk proteins. Decreasing the diameter of spider silk fibers and collecting 

them into a highly twisted yarn will result in mechanical properties surpassing those of 

natural silk, creating a novel material. The techniques and results for these experiments are 

presented below. 
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Methods and Materials 

Protein Purification 

Recombinant spider silk proteins (rSSp) were produced in the milk of genetically 

modified goats in E.coli as described in previous work.5–7 The milk containing the rSSp 

was purified via tangential flow and lyophilization as described by Tucker et al.8 A list of 

all the proteins used in these experiments is given in Table 2.1.  

Preparation of Aqueous Electrospinning Dopes 

Several concentrations of aqueous-based rSSp dopes derived from goats and 

bacteria5–7 were created for continuous electrospinning (Table 2.2). Aqueous dopes for 

fiber formation were created, as described in Jones et al.,9 utilizing heat and pressure to 

solubilize the proteins. The dry weight of the proteins was measured into a vial, and the 

cap was tightened onto the vial and vortexed at maximum using a VWR Analog Vortex 

Mixer to ensure homogeneity of the components. Three milliliters of nanopure water from 

a NANOpure Diamond™ were added to the vial, and the components were sonicated with 

an energy output of 3-5 J for 1.5 minutes using a QSONICA Sonicator. The suspension 

was then sealed and heated using a 1000 W Magic Chef microwave oven in five second 

intervals to prevent overheating. This process was repeated until the contents were 

completely solubilized or the bottom of the vial temperature was a minimum of  130 C, 

verified using a Fluke 561 IR thermometer.9  The vial was removed from the microwave 

and allowed to cool to room temperature. Once at room temperature, the dope was loaded 

into a plastic 1 ml slip fit syringe purchased from Grainger (part number 309659), and the 

appropriate syringe tip was attached, securing the connection with at least three layers of 
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electrical tape. The composition of the dopes and results from electrospinning are shown 

in Table 2.2. 

Increasing Probability of Nanofiber Formation from Aqueous Dopes 

Not all aqueous dopes are appropriate for electrospinning, resulting in no nanofiber 

formation. To address this, several additives and techniques were used to modify the 

aqueous dope’s composition to increase the likelihood of successful electrospinning. 

Modifying the dopes was accomplished by changing the protein and/or polymer 

concentration to higher ratios, resulting in a more viscous solution, shown in Table 2.3.  

Dopes were placed on the bench top overnight, allowing for partial gelation to increase 

viscosity.  Glycerol and trehalose purchased from Sigma Aldrich (part numbers G7757-1L 

and PHR 1344-500mg) were added to aqueous dopes in quantities ranging from 1% to 

15%. The pH of dopes was decreased by adding 10-20 μm 0.2% propionic acid, listed in 

Table 2.3. The pH of dopes was increased by adding (10-20 μm) of 0.5 M ammonium 

hydroxide, listed in Table 2.3. The conductivity was increased by adding small amounts of 

(10-20 μm) 30 nm gold nano particles purchased from Ted Pella, Inc (part number: 15706-

20) or small amounts of 10-20 nm –OH functionalized multiwall carbon nanotubes 

purchased from US Research Nanomaterials, Inc (part number: 99685-96-8). The 

temperature of dopes were decreased by placing them in a 0C refrigerator for two hours. 

Small amounts of isopropyl alcohol, ethanol, and methanol were added to aqueous dopes 

up to 13% w/v, increasing gelation. After modifications, these dopes were vortexed on a 

medium setting for 2 minutes using a VWR Analog Vortex Mixer, ensuring homogeneity 

of the components. These dopes were loaded into plastic 1 ml slip fit syringes. Varying 

diameter syringe tips purchased from Grainger were used during electrospinning ranging 
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from 19 G to 27 G (part numbers: 5FVK3, 5FVH7, 5FVH9, 5FVJ1, 5FVJ3, 5FVJ5, 

5FVG9, 5FVJ7).  

Preparation of Composite Electrospinning Dopes 

Several concentrations of composite rSSp dopes derived from goats or bacteria 5–7 

were created for continuous electrospinning, shown in Table 2.4. Composite aqueous dopes 

for electrospinning were created, as described in Jones et al.,9 utilizing heat and pressure 

to solubilize the proteins with modifications. All solid polymers were processed into a fine 

powder using a Coffee Grinder purchased from Bodum (part number: 10903).  The first 

composite dope was created by combining 240 mg of processed Mowiol® 40-88 

(Polyvinyl Alcohol)(PVA) purchased from Sigma-Aldrich (part number: 324590-100G), 

and 60 mg of rMaSp1 (dry weight) into an 8 ml glass culture vial with a rubber-lined cap 

purchased from Wheaton (part number: 1615870), for a final concentration of 8% Mowiol 

and 2% MaSp1 (total 10% w/v). The cap was tightened onto the vial and vortexed 

vigorously using a VWR Analog Vortex Mixer, ensuring homogeneity of the components. 

Three milliliters of Nanopure water from a NANOpure Diamond™ were added to the vial, 

and the components were sonicated with an energy output of 3-5 J for 1.5 minutes using a 

QSONICA Sonicator. The suspension was then sealed and heated using a 1000 W Magic 

Chef microwave oven in five-second intervals to prevent overheating. This process was 

repeated until the contents were completely solubilized or the bottom of the vial 

temperature was a minimum of  130 C, verified using a Fluke 561 IR thermometer.9  The 

vial was removed from the microwave and allowed to cool to room temperature. Once at 

room temperature, the dope was loaded into a plastic 1 ml slip fit syringe. Other aqueous-
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based composite dopes were prepared using the same method, replacing PVA with 

Poly(ethylene oxide) (PEO) purchased from Sigma Aldrich (part number: 182001-250G). 

Nylon 6-6 with rSSp dopes were created by adding 150 mg of Nylon 6-6 purchased 

from Sigma Aldrich (part number: 429201-250G) and 150 mg of rMaSp1 into an 8 ml glass 

culture vial with a rubber-lined cap. 3 ml of 98% Formic Acid purchased from Sigma 

Aldrich (part number: A13285-2500g) was added to the vial to create a 10% (w/v) dope. 

The cap was tightened onto the vial and wrapped with parafilm. This was vortexed 

vigorously using a VWR Analog Vortex Mixer to ensure homogeneity of the components.  

The vial was placed into a Labnet Mini Labroller (part number: H5500) and allowed to 

rotate overnight on the bench top. The dope was loaded into a plastic 1 ml slip fit syringe 

and the appropriate syringe tip was attached, securing the connection with at least 3 layers 

of electrical tape. The composition of the dopes and results from electrospinning are shown 

in Table 2.4 

Preparation of HFIP Electrospinning Dopes 

Several HFIP rSSp dopes were created for continuous electrospinning with HFIP 

ranging from 5%-25% w/v, shown in Table 2.5. These dopes were created using the 

protocol from various sources.6,10,11 A dry weight of 168 mg rMaSp1 and 42 mg rMaSp2 

were placed into an 8 ml glass vial, the cap was tightened and the contents were vortexed 

vigorously using a VWR Analog Vortex. Three ml of 1,1,1,3,3,3-hexafluoro-2-propanol 

(HFIP) was combined with the rSSp. The cap was tightened and wrapped using parafilm. 

This was vortexed vigorously using a VWR Analog Vortex Mixer.  The vial was placed 

into a Labnet Mini Labroller and allowed to rotate overnight on the bench top. With 

proteins in solution, the dope was centrifuged overnight at 6000 rpm using a Corning LSE 
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compact centrifuge (part number: 306.00). The liquid portion was transferred to a new 8 

ml vial and loaded into a 1 ml glass syringe purchased from Grainger (part number: 

19G359). A 19 G metal syringe tip purchased from Grainger (part number: 0609) was 

placed on the glass syringe and wrapped with 4 layers of electrical tape. All steps were 

performed in the fume hood. The composition of the dopes and results from electrospinning 

are shown in Table 2.5. 

Continuous Electrospinning of rSSp Dopes 

Dopes were loaded into 1 ml plastic syringes (HFIP in glass syringes) with their 

appropriate syringe tip. The syringe was mounted into an 11 Elite Nanomite syringe pump, 

and the syringe pump was placed into the custom anti-static housing (appendix B, Figure 

B1&B2). This was then placed into the chamber of the modified (appendix A) EC-DIG 

electrospinner purchased from iMe (part number: P12043). The syringe pump was then 

raised to the appropriate position (dependent on dope used) relative to the funnel. The 

positive electrode was connected to the syringe tip using an alligator clip purchased from 

Grainger (part number: 9WDM8). Power to the funnel was adjusted to 0.2 volts for 

aqueous/composite dopes and 0.17 volts for HFIP dopes, rotating the funnel at 500 rpm 

and 310 rpm respectively. The syringe pump was primed, and the flow rate was turned on. 

The voltage was adjusted and applied initiating the Taylor cone from the syringe tip.   

Once a fibrous web formed on the mouth of the funnel, the reeling guide was raised to 6.35 

cm below the funnel. The fibrous web then connected to the reeling rod and was allowed 

to stabilize into an inverted fibrous cone (IFC). With rotation of the funnel, the IFC turned 

into a fine yarn and was wrapped around the rod. The reeling rod was then carefully pulled 

out of the guide tube, aligning the yarn on the pulley system, and taped onto the reel for 
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collection. The power supply to the reel was adjusted keeping tension on the continuously 

produced yarn to increase stability of the IFC. Below in Figure 2.1 is a schematic of the 

continuous electrospinning setup. 

 

Post-treatment of Continuous Electrospun Yarns 

Samples were post-treated in varying concentrations of isopropyl alcohol (IPA), 

ethanol (EtOH), and methanol (MeOH) purchased from Pharmaco-AAPER, as shown in 

Table 2.6. During post-treatment, composite samples and HFIP samples were stretched 

from 1.2-1.5x their original length using a Pittsburgh 6 in. Digital Caliper purchased from 

Harbor Freight Tools (part number: 63731) These samples were then allowed to air dry 

and were placed into deionized water to assess if the yarns were water-insoluble. 

Figure 2.1: Continuous electrospinning setup 
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Mechanical Testing of Continuous Electrospun Yarns 

Continuous electrospun yarns were carded on C-cards (38.5 cm x 26 cm) using 

scotch tape and super glue. The diameters were measured using a Motic BH 310 Digital 

microscope. A Synergie 100 MTS equipped with a 2 cm aluminum clamp and clip attached 

to a 10 N load cell were used to test the samples for tensile properties at a rate of 5 mm/min. 

The data was analyzed using Microsoft Excel. Best results are shown in Table 2.7 

Novel Verification of Electrospun Spider silk Fibers 

An Azure Biosystems c200 gel imager using a wavelength of 302 nm was used to 

determine the presence of spider silk proteins in fiber form. Samples of powdered MaSp1, 

processed PVA, aqueous dopes, composite dopes, and HFIP dopes were placed on the 

stage, imaged and used as a control. Samples of electrospun PVA mats and yarns, 

composite rSSp mats and yarns, and HFIP rSSp yarns were placed onto the stage and 

imaged for verification of spider silk fibers created through electrospinning. The results 

can be seen in Table 2.8.  

 

Results 

Polymers and rSSp for Continuous Electrospinning 

The goal of this research was to create continuous electrospun yarns from 

recombinant spider silk proteins, yielding materials with mechanical properties greater 

than or similar to those of natural spider silk.2 By decreasing the diameter of fibers from 

microns to nanometers through continuous electrospinning, the mechanical properties of 
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rSSp fibers surpassed those of wet-spun rSSp fibers.  Aqueous, composite, and HFIP dopes 

were created using proteins listed below in Table 2.1.  

Table 2.1- Polymers and rSSp Used for Electrospinning 

Protein Ability to electrospin (0 worst- 5 best) 

PVA 5- quickly and readily forms fibers 

PEO 4.5- readily forms fibers 

rMaSp1 3.5- forms fibers at high concentrations 

rMaSp2 2- occasionally forms fibers at high concentrations 

 

Wet-spinning experiments of HFIP and aqueous-based rSSp10 demonstrated that 

rMaSp1 and rMaSp2 (separately and combined), were capable of producing fibers with 

high stress and strain. For this reason, those proteins were used as the main components of 

electrospinning dopes. Two commonly used water-soluble polymers used in 

electrospinning were chosen to aid in the formation of nanofibers, PVA and PEO. At 10% 

(w/v), control dopes comprised only of the PVA or PEO readily make electrospun 

materials, which became our base concentration for composites (Table 2.4). 

Electrospinning of Dopes (with and without additives) 

To assess the viability for each dope to make a continuous electrospun yarn, 

preliminary experiments utilized traditional techniques to collect the electrospun materials. 

This was accomplished by electrospinning onto a rotating drum. The goal was to create a 
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mat of rSSp nanofibers, pure or composite, that could be removed and assessed for post-

treatment. Traditional means of producing viable fibers from HFIP or aqueous-based dopes 

are formed through wet-spinning. This is achieved when those dopes are loaded into a 

syringe with the tip submerged into an alcohol bath containing isopropyl alcohol (99%). 

As the dope exits the 0.01” orifice of the syringe, sheer stress is imparted on the proteins, 

inducing self-assembly into higher structures.12–15 The IPA further induces beta-sheet 

formation causing the liquid dope to become a solid fiber.10 Using this and the chain 

entanglement property seen with electrospinning, rSSp dopes should create materials 

composed of robust nanofibers.  

The composition of aqueous based dopes and the results from electrospinning are 

shown in Table 2.2. Aqueous-based dopes ranging from 5%-25% (w/v) total protein 

content and varying rMaSp1/rMaSp2 ratios were tested. The concentrations of the dopes 

were varied because viscosity within a certain range is an essential parameter for successful 

electrospinning. Regardless of protein content, aqueous-based dopes were unable to form 

electrospun fibers. Above 18% (w/v) the target would be covered in droplets from the dope. 

Below that total protein content would result in a fine powder being formed with no fibers 

present.   

Researchers use a number of techniques to aid solutions in electrospinning fibers. 

This is done by increasing the viscosity, adjusting the pH, and incorporating nanoparticles 

to increase the conductivity of the solution.1,16,17 To increase the probability for aqueous-

based dopes to form fibers through electrospinning, several additives were incorporated 

into the dopes (Table. 2.3). As stated above, wet-spinning employs a coagulation bath 

containing IPA to aid in the fiber maturation. Unfortunately, the large voltage used during 
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electrospinning makes it impossible to incorporate such a bath, which is a crucial step in 

wet-spinning. To compensate for this, we incorporated safe levels of three different 

alcohols into our aqueous dopes with the goal of inducing minor structural changes 

hypothesized to initiate self-assembly into fibers (Table 2.3).  The effects of incorporating 

the alcohols into the dope were all similar. High levels (up to 13%) of methanol and ethanol 

would cause the protein to precipitate out of solution, becoming irreversible. IPA at this 

concentration would cause the dope to solidify, immediately becoming irreversible. None 

of these were eligible for electrospinning. At moderate levels (6%), all three alcohols would 

cause the dope to become more viscous, but over time it would solidify. When these were 

used to electrospin, only droplets would collect on the target with no fibers present. At low 

concentrations, all three alcohols had zero effect on the dopes. When electrospun, the 

results were the same — droplets collecting on the target with no fibers present.  

To increase the viscosity of the dopes, glycerol and trehalose were incorporated in 

varying concentrations. At concentrations above 10%, the dope would not pass through the 

syringe tip due to the increased viscosity. When the viscosity was at an acceptable amount, 

6% for glycerol and 8% for trehalose, droplets would collect on the target with no fibers 

formed. The same results were observed when aqueous dopes were refrigerated to increase 

viscosity. 

Increasing the conductivity of solutions is hypothesized to further induce the chain 

entanglement property. To achieve this, gold nanoparticles and carbon nanotubes were 

incorporated at varying concentrations to aqueous-based dopes (Table 2.3). The effects of 

each concentration were the same: droplets would collect on the target and no fibers were 

produced. 
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Ammonium sulfate and propionic acid were used to raise and lower the pH of 

aqueous-based dopes. It has been observed that by altering the pH of dopes for wet-

spinning, fibers would form from rSSp dopes that would not previously.10 Regardless of 

the dope’s protein concentration, when the pH of aqueous-based dopes was increased or 

decreased, the effect on electrospinning was the same. Only droplets would form and 

collect on the mat, with no fibers present.  

From the experiments performed, it is hypothesized that aqueous-based dopes 

composed of only rSSp are incapable of creating electrospun fibers. For aqueous dopes to 

form fibers via wet-spinning, sheer stress and a coagulation bath are required. Without the 

ability to incorporate a coagulation bath into electrospinning, fibers cannot form via using 

aqueous-based dopes. The chain entanglement property is not enough to induce the self-

assembly of spider silk proteins into fibers. To address this, our group utilized water-

soluble polymers commonly used in electrospinning as a carrier for the rSSp to form fibers.  

Electrospinning of Composite and HFIP Dopes 

            PVA and PEO are commonly used in electrospinning to create water-soluble 

materials composed of nanofibers. Using this property, our research group created 

composite dopes consisting of rSSp and these polymers in varying concentrations. The 

goal was to use the polymers as carriers for the protein to form fibers during 

electrospinning. With successful electrospinning, the products will be composed of a 

mixture rSSp fibers and of polymer fibers. Post-treating the materials in alcohol baths 

will make rSSp fibers formed during electrospinning water insoluble. Using a water bath, 

the water-soluble polymers will be removed, leaving behind electrospun rSSp fibers.  The 

two polymers were processed into a fine powder to increase homogeneity and solubility 
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of the solution. As stated above, 10% (w/v) was established as the base concentration. 

Several permutations of the composite dopes were created and electrospun, the results of 

which can be seen in Table 2.4. Composite dopes that electrospun successfully were used 

to created mats and continuous 

yarns that were subjected to post-

treatment baths. Samples were 

taken for Scanning Electron 

Microscopy (SEM), an example 

of which can be seen in Figure 

2.2. Previous experiments with 

Nylon 6-6 + rSSp solubilized in 

formic acid were successful in 

creating a mat. The concentration of this dope was 5% Nylon and 5% rMaSp1. The mat 

would have a white appearance, with occasional spots due to droplets falling from the 

syringe. For unexplained reasons, these dopes were not successful in continuous 

electrospinning. 

 HFIP dopes were used as a control to create pure electrospun rSSp fibers, 

demonstrated by several research groups.18–21 Observed during wet-spinning, high 

concentration HFIP dopes (20% and up) create fibers with high stress and strain, as stated 

before. The viscosity of these high-concentration dopes is a detriment to electrospinning 

and a common phenomenon is observed. With solutions of high viscosity, “tendrils” form 

at the end of the syringe. These form due to the elongation factor initiated during 

electrospinning, causing the solution to form several initiation points for the Taylor cone. 

Figure 2.2: SEM image of continuous composite 

yarn.  
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Fibers are inefficiently formed and do not collect onto the target when this occurs. Through 

experimentation it was observed that 7% (w/v) HFIP dopes were the most efficient for 

electrospinning, the results of which are shown in Table 2.5. Utilizing the rotating drum to 

assess the viability for fiber formation, the best dopes were used for continuous 

electrospinning to produce yarns. Seven dopes, five composites and one HFIP were used 

during continuous electrospinning, creating thin-diameter yarns as described in the 

methods section. These samples, as well as controls, were verified for spider silk fiber 

formation using a UV gel imager.  

Post-treatment of Electrospun Yarns  

Electrospun mats and yarns were subjected to post-treatment listed in Table 2.6. As 

a control, pure PVA (10%) was electrospun and post-treated through steps 1 and 2. When 

placed into water, the materials dissolved, demonstrating water solubility. When composite 

materials were post-treated in steps one and two, their diameters decreased. However, when 

placed into water, these immediately dissolved, leading our group to believe that the rSSp 

fibers were not achieving high beta-sheet content or were not forming at all.  

HFIP dopes were used to create continuous yarns via electrospinning. As described 

in the methods section, the yarns were post-treated and stretched 1.3x their original length 

in post-treatment baths to further mature proteins. These post-treated yarns became water 

insoluble, with diameters decreased by 1/3rd. Below, in Figure 2.3, is an SEM image of a 

7% HFIP electrospun yarn without post-treatment. It is observed that the yarn is composed 

of several hundred highly twisted nanofibers. Samples from this set were mechanically 

tested and compared to that of post-treated samples. 
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To increase the mechanical properties of these continuously electrospun yarns, 

samples were post-treated. The optimal results are compared against all continuous 

electrospun yarns, listed in Table 2.6. Originally hypothesized to surpass the mechanical 

properties of natural silk, the mechanical testing results of the continuously electrospun 

yarns fall just short.2,10  Below, in Figure 2.3, is an SEM image of a sample from the same 

fiber with post-treatment. The most distinguishing observation is that the nanofibers have 

fused together, forming one solid yarn. This explains why the results were not as expected. 

To surpass the mechanical properties of natural silk, electrospun yarns must be composed 

of several hundred nanofibers working in conjunction to absorb energy. When the multi-

nanofiber yarn fused together, it created a fiber with stress focal points, observed in Figure 

2.4.  

When composite dopes were used to electrospin the result was a fine diameter yarn 

Figure 2.3: Unpost-treated HFIP yarn. 
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theorized to be composed of multiple nanofibers of PVA and rSSp. However, when these 

yarns were post-treated to induce water-insolubility of rSSp fibers, the results were 

unexpected. The fibers, regardless of post-treatments would dissolve in water. During 

electrospinning, if the rSSp were making fibers the end product would become water 

insoluble after post-treatment. It was also observed that unpost-treated composite yarns had 

decreased mechanical properties when compared to that of pure PVA yarns. This led us to 

believe that the rSSp are not forming fibers during electrospinning, instead interrupting the 

PVA polymer chains degrading the mechanical properties. This was verified using the gel 

imager mentioned in the methods section. 

  

Mechanical Properties 

The best mechanical properties for continuously electrospun yarns from pure PVA, 

Figure 2.4:Post-treated continuous electrospun HFIP rSSp yarn 
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HFIP rSSp, and composite dopes are reported in Table 2.7. It was observed that when 

increasing the concentration of rSSp in composite dopes, the mechanical properties would 

decrease compared to pure polymer samples, which is counterintuitive to prior hypotheses. 

The cause for this decrease in mechanical properties was hypothesized to be caused by the 

rSSp interrupting the polymer chains instead of forming nanofibers. This was confirmed 

using an Azure Biosystems c200 gel imager in a novel manner.  

Verification of rSSp Fiber Formation  

The Azure Biosystems c200 gel imager is traditionally used to excite proteins and 

take images of gels containing samples of proteins of unknown size and a molecular 

ladder for comparison. Our group used this machine in a novel manner to image several 

controls and electrospun samples to verify the presence of electrospun rSSp, listed in 

Table 2.8. As described in the methods sections, images were taken of controls and 

samples to verify the presence of rSSp.  The results elucidated the mechanical property 

results. One of the original hypotheses was that by incorporating rSSp into polymers such 

as PVA and Nylon, the mechanical properties would increase due to the presence of 

nanofibers composed of rSSp. Below — in Figures 2.5, 2.6, 2.7, 2.8, and 2.9 — the 

presence of rSSp is highlighted, while the polymers are not captured. The figures 

demonstrate that the composite materials only show fluorescence at the droplets, where 

rSSP are present. Powdered rSSp, as well as HFIP dopes, wet and electrospun products, 

show up clearly.   

Discussion 

Utilizing electrospinning, traditional and continuous, our group has established 

parameters for successful electrospinning of rSSp dopes. With the rSSp currently available, 
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aqueous-based dopes (pure or composite) are not capable of electrospinning fibers. The 

maturation step associated with wet-spinning cannot be incorporated into electrospinning. 

Through extensive experimentation, the only method currently available for producing 

continuously electrospun yarns utilizes HFIP rSSp dopes. Unfortunately, using this 

chaotropic agent makes it impossible to upscale the process to create viable amounts of 

electrospun yarns with the desirable mechanical properties. However, the HFIP yarns 

produced through continuous electrospinning did achieve mechanical properties 

approaching those of natural silk fibers, shown in Table 2.7. The properties of our yarns 

did not surpass that of natural silk due to the fusion of fibers observed during stretching 

and post-treatment. To achieve properties greater than natural silk, the rSSp must be 

modified and methods must be devised to stretch and post-treat electrospun samples that 

will not result in fused fibers. This will create a yarn composed of individual nanofibers, 

creating in a material with mechanical properties greater than natural silk. 
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Table 2.2- Aqueous Dopes Composition and Electrospun Results  

Total % (w/v) Composition Electrospinning Results 

25% 80% rMaSp1 + 20%rMaSp2         Droplets, no fibers 

70% rMaSp1 + 30%rMaSp2 Droplets, no fibers 

60% rMaSp1 + 40%rMaSp2 Droplets, no fibers 

100% rMaSp1  Droplets, no fibers 

100% rMaSp2 Droplets, no fibers 

20% 80% rMaSp1 + 20%rMaSp2         Droplets, no fibers 

70% rMaSp1 + 30%rMaSp2 Droplets, no fibers 

60% rMaSp1 + 40%rMaSp2 Droplets, no fibers 

100% rMaSp1  Droplets, no fibers 

100% rMaSp2 Droplets, no fibers 

18% 80% rMaSp1 + 20%rMaSp2         Fine powder, no fibers 

70% rMaSp1 + 30%rMaSp2 Fine powder, no fibers 

60% rMaSp1 + 40%rMaSp2 Fine powder, no fibers 

100% rMaSp1  Fine powder, no fibers 
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100% rMaSp2 Fine powder, no fibers 

15% 80% rMaSp1 + 20%rMaSp2         Fine powder, no fibers 

70% rMaSp1 + 30%rMaSp2 Fine powder, no fibers 

60% rMaSp1 + 40%rMaSp2 Fine powder, no fibers 

100% rMaSp1  Fine powder, no fibers 

100% rMaSp2 Fine powder, no fibers 

12% 80% rMaSp1 + 20%rMaSp2         Fine powder, no fibers 

70% rMaSp1 + 30%rMaSp2 Fine powder, no fibers 

60% rMaSp1 + 40%rMaSp2 Fine powder, no fibers 

100% rMaSp1  Fine powder, no fibers 

100% rMaSp2 Fine powder, no fibers 

10% 80% rMaSp1 + 20%rMaSp2         Fine powder, no fibers 

70% rMaSp1 + 30%rMaSp2 Fine powder, no fibers 

60% rMaSp1 + 40%rMaSp2 Fine powder, no fibers 

100% rMaSp1  Fine powder, no fibers 

100% rMaSp2 Droplets, no fibers 
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5% 

 

80% rMaSp1 + 20%rMaSp2         Fine powder, no fibers 

70% rMaSp1 + 30%rMaSp2 Fine powder, no fibers 

60% rMaSp1 + 40%rMaSp2 Fine powder, no fibers 

100% rMaSp1  Fine powder, no fibers 

100% rMaSp2 Fine powder, no fibers 
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Table 2.3- Effects of Additives on Aqueous Dope Electrospinning 

Additive % (w/v) Effect Electrospinning Results 

1% Isopropyl Alcohol No visible effect Droplets, no fibers 

7% IPA Viscosity increased Droplets, no fibers 

13% IPA Solidified Impossible to electrospin 

1% Methanol No visible effect Droplets, no fibers 

7% MeOH Viscosity increased Droplets, no fibers 

13% MeOH Protein precipitated, irreversible Impossible to electrospin 

1% Ethanol No visible effect Droplets, no fibers 

7% EtOH Viscosity increased Droplets, no fibers 

13% EtOH Protein precipitated, irreversible Impossible to electrospin 

1% Glycerol No visible effect Droplets, no fibers 

5% Glycerol Viscosity increased Droplets, no fibers 

10% Glycerol Solidified Impossible to electrospin 

15% Glycerol Solidified Impossible to electrospin 

1% Trehalose No visible effect Droplets, no fibers 
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5% Trehalose Viscosity increased Droplets, no fibers 

10% Trehalose Solidified Impossible to electrospin 

15% Trehalose Solidified Impossible to electrospin 

Gold nanoparticles (30 

nm) 

No visible effect Droplets, no fibers 

Carbon nanotubes (10-

20 nm) 

No visible effect Droplets, no fibers 

Propionic acid (2.0%) pH decreased- 4.0, Inc. viscosity Droplets, no fibers 

Ammonium hydroxide 

(0.5 M) 

pH increased- 10.0, Inc. viscosity Droplets, no fibers 

Refrigeration Temp lowered- 0C, Inc. 

viscosity 

Droplets, no fibers 
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Table 2.4- Composition of Composite Dopes and Electrospinning Results  

Total %  Composition Results 

10% (w/v) 8% Poly(vinyl-alcohol) PVA + 2% rMaSp1 Fibers formed 

7% PVA + 3% rMaSp1 Fibers formed 

6% PVA + 4% rMaSp1 Fibers formed 

5% PVA + 5% rMaSp1 Powder, no fibers 

8% PVA + 2% rMaSp2 Powder, no fibers 

7% PVA + 3% rMaSp2 Powder, no fibers 

6% PVA + 4% rMaSp2 Powder, no fibers 

5% PVA + 5% rMaSp2 Powder, no fibers 

8% PVA + 2% rSSp (80% rMaSp1+ 20% rMaSp2) Fibers formed 

7% PVA + 3% rSSp (80% rMaSp1+ 20% rMaSp2) Fibers formed 

6% PVA + 4% rSSp (80% rMaSp1+ 20% rMaSp2) Powder, no fibers 

5% PVA + 5% rSSp (80% rMaSp1+ 20% rMaSp2) Powder, no fibers 

8% PVA + 2% rSSp (70% rMaSp1+ 30% rMaSp2) Powder, no fibers 

7% PVA + 3% rSSp (70% rMaSp1+ 30% rMaSp2) Powder, no fibers 
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6% PVA + 4% rSSp (70% rMaSp1+ 30% rMaSp2) Powder, no fibers 

5% PVA + 5% rSSp (70% rMaSp1+ 30% rMaSp2) Powder, no fibers 

10% (w/v) 8% Poly(ethyline oxide) (PEO) + 2% rMaSp1 Powder, no fibers 

7% PEO + 3% rMaSp1 Powder, no fibers 

6% PEO + 4% rMaSp1 Powder, no fibers 

5% PEO + 5% rMaSp1 Powder, no fibers 

8% PEO + 2% rMaSp2 Powder, no fibers 

7% PEO + 3% rMaSp2 Powder, no fibers 

6% PEO + 4% rMaSp2 Powder, no fibers 

5% PEO + 5% rMaSp2 Powder, no fibers 

8% PEO + 2% rSSp (80% rMaSp1+ 20% rMaSp2) Powder, no fibers 

7% PEO + 3% rSSp (80% rMaSp1+ 20% rMaSp2) Powder, no fibers 

6% PEO + 4% rSSp (80% rMaSp1+ 20% rMaSp2) Powder, no fibers 

5% PEO + 5% rSSp (80% rMaSp1+ 20% rMaSp2) Powder, no fibers 
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Table 2.5- Results of 80/20 HFIP Dopes at Different Concentrations 

Concentration Results 

25% (w/v) Solution is too viscous, forms “tendrils” from droplet at syringe tip 

causing few fibers to form but do not collect onto target.  

20% (w/v) Solution is too viscous, forms “tendrils” from droplet at syringe tip 

causing few fibers to form but do not collect onto target. 

15% (w/v) Solution is less viscous, fewer “tendrils” form at syringe tip. More 

fibers are produced but do not collect onto target. 

10% (w/v) Fewer “tendrils” form. Fibers are produced but not in great quantities, 

approximately 50% of fibers formed collect on target. 

8% (w/v) Droplet forms far fewer “tendrils”, less interference of fiber formation. 

Fibers gather on target more readily. 

7% (w/v) Best concentration for electrospinning, little to no tendrils present, 

fibers formed efficiently and collected onto target. 

6.5% (w/v) Decreased fibers formed, requires a minimum of 45 minutes to collect 

a thin layer of fibers. 

6% (w/v) Decreased fibers formed, requires a minimum of 1 hour and 30 

minutes to collect a thin layer of fibers. 
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Table 2.6- Optimal Post-treatment Results on Continuous Electrospun Yarns 

Sample Post-treatment Process            

(1st →2nd→3rd) 

Max 

Stretch 

H20 

Insoluble 

Mowiol- 10% (w/v) 80% IPA→20% IPA→H20         

80% EtOh→20% EtOh→H20  

80% MeOh→20% MeOh→H20 

1.5x No 

Composite- 8% Mowiol + 

2% rMaSp1 

80% IPA→20% IPA→H20      

80% EtOh→20% EtOH→H20 

80% MeOh→20% MeOh→H20 

1.25x No 

Composite- 7% Mowiol + 

3% rMaSp1 

80% IPA→20% IPA→H20      

80% EtOh→20% EtOh→H20  

80% EtOh→20% EtOh→H20 

1.2x No 

Composite- 6% Mowiol + 

4% rMaSp1 

80% IPA→20% IPA→H20      

80% EtOh→20% EtOh→H20  

80% MeOh→20% MeOh→H20 

1.2x No 

HFIP- 7% w/v (80% rMaSp1 

+ 20% rMaSp2) 

80% IPA→20% IPA→H20      

80% EtOh→20% EtOh→H20  

80% MeOh→20% MeOh→H20 

1.3x Yes 
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Figure 2.5: rSSp verification 1-5. 
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Figure 2.6: rSSp verification 2-5. 
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Figure 2.7: rSSp verification 3-5. 
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Figure 2.8: rSSp verification 4-5. 
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Figure 2.9: rSSp verification 5-5. 
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CHAPTER III 

ENHANCING SPIDER SILK PROTEIN MATERIALS THROUGH  

PHOTO-INITIATED CROSS-LINKING 

Co-Authors include: Blake Taurone, Bailey McFarland, Thomas I. Harris, Justin A. 

Jones, and Randy V. Lewis 

ABSTRACT 

Spider silk materials are known for their robust and diverse mechanical properties. 

To further enhance spider silk materials, our group has employed photo-induced cross-

linking of unmodified proteins (PICUP). By incorporating tris(2,2’-bipyridyl) 

dichlororuthenium(II) hexahydrate (ruthenium), ammonium persulfate (APS)to our dopes 

then irradiating them with a high lumen light source, tyrosines are covalently cross-linked, 

enhancing the spider silk proteins and creating a novel material. To increase the efficiency 

of this reaction, we created the cross-link initiating photodiode (CLIP), a 18,000 lumen 

LED light source. Using the CLIP in combination with PICUP, our spider-silk hydrogels 

demonstrate up to a 500% increase in strain and tensile strength. The cross-linked 

hydrogels can further be modified using post-treatment baths. This method of treatment 

result in materials with a range of mechanical properties that can be used in applications 

not available to spider silk materials prior to cross-linking.  

Keywords: Proteins, Spider Silk, Cross-linking, Photo-initiated, Biomaterial  
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Introduction 

Spiders, specifically orb weaving spiders like Nephila clavipes, can create up to six 

different spider silks and one adhesive.1 Each silk has a specialized function within the web 

such as: support (web spokes and safety line), prey capture (elongation up to 300%), egg 

sac (protection), adhesive, prey wrapping, and anchoring2,3  These properties are derived 

from four protein structures: ß-sheets, Gly II-helices, ß-spirals and random coils4–8. For this 

reason, spider silk proteins are tunable materials that rival the properties of commonly used 

polymers. Dragline silk derived from the major ampullate glands have an energy to break 

greater than that of Kevlar, 4 GPa and 3 MPa respectively. This difference is attributed to 

dragline silk’s ability to elongate up to 35% prior to failure where Kevlar will elongate 5% 

at most.1,9  In addition to possessing desirable mechanical properties, spider silk protein 

materials are biocompatible and have been found to promote healthy cell growth, in 

addition to being biodegradable.10–12  

Recombinant spider silk proteins (rSSp) are remarkable biomaterials with the 

potential to meet the needs of commercial, industrial, and medical markets.1,13–24 Kaplan’s 

group has successfully developed hydrogels from silkworm proteins through vortexing, 

causing the solution to become a hydrogel within the container, limiting the shapes created 

(REF). Other methods include increasing the protein content or adding an acid in low 

concentrations, but must go through a gelation process to solidify into a hydrogel.25–31. 

Even with these advances, silk protein hydrogels lack the mechanical properties for certain 

applications. Our group has utilized a method for cross-linking proteins to modify our 

spider silk materials enhancing their mechanical properties.  
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Photo-induced cross-linking of unmodified proteins, or PICUP, is traditionally used 

to observe protein-to-protein interactions.32,33 This reaction requires proteins, tris(2,2’-

bipyridyl) dichlororuthenium(II) hexahydrate (ruthenium), ammonium persulfate (APS), 

and a high-intensity light source.26,34,34–40 The reaction is initiated when irradiated by a high 

lumen light source,  a direct carbon-to-carbon bond forms between tyrosines, causing intra-

molecular cross-linking. We applied this standard analytical technique to our spider silk 

protein materials. Reported here is a new method for solubilizing the spider silk proteins 

with cross-linking reagents to form the dope solution. These dopes can be used to produce 

hydrogels, foams, and sponges, which can be activated with the CLIP to crosslink the rSSp 

material into robust and stable forms. These cross-linked materials have been studied for 

their mechanical properties, ability to be grow cells, and their protein structure. 
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Experimental (Materials and Methods) 

Protein Purification 

 Recombinant spider silk proteins (rSSp) were produced in the milk of genetically 

modified goats as described in previous work.41 The rSSp was purified via tangential flow, 

washed and lyophilized as described by Tucker et al.42 Recombinant major ampullate 

spidroin 1 (rMaSp1) was used for these experiments due to the abundance of the protein in 

our laboratory, and the presence of tyrosine. 

Solubilization of Cross-linking Dope 

Purified rMaSp142 was used to create cross-linking dopes. For a 10% (w/v) dope at 

a 4 mL volume 400 mg of rMaSp1was placed into an 8 mL glass culture vial with rubber 

lined cap purchased from VWR (catalog number: 66014-240). Tris(2,2’-bipyridyl) 

dichlororuthenium(II) hexahydrate (ruthenium) (part number: 544981-1G) was purchased 

from Sigma-Aldrich and used to create a stock solution (62.7 µM). The ruthenium stock 

solution (2mL) and Nano-pure water (1mL) from a Nanopure Diamond™ were added to 

the dry rSSp in the vial. This mixture was sonicated with an energy output of 5 W for 90 s 

using a QSONICA Sonicator with microtip. The vial was tightly sealed with its lid and 

rubber insert, then microwaved (Magic Chef 1000 W) in 5 s intervals until the temperature 

reached an excess of 130 C (checked with a Fluke 561 IR thermometer on the bottom of 

the vial following the methods of Jones et all25) and all the rSSp was solubilized and then 

removed from the microwave and allowed to cool to room temperature. A 21.5 mM 

solution of Ammonium persulfate (part number: 0486-100G, Amresco Inc.) was created 
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and 1 mL of this solution was added to the vial and vortexed, bringing the final 

concentrations of ruthenium and APS to 31.35 µM and 5.0375 mM respectively.  

 

Photo Cross-linking rSSp Materials  

The cross-link initiating Photodiode (CLIP) was designed and constructed as 

indicated in supplementary materials (Figure S1).  A polydimethylsiloxane (PDMS) 

substrate (90 mm by 50 mm by 10 mm) was placed on the stage of the CLIP. A silicone 

dog bone mold (49 mm long, 13 mm head, and 2.68 mm neck) was placed on top of the 

PDMS substrate and 1 mL of cross-linking dope was pipetted into the mold.  The CLIP 

was illuminated for 30 seconds per sample and repeated a total of four times to generate 

crosslinked hydrogels. 

To create cross-linked foams, a 4 mL cross-linking dope (described above) was 

distributed into four separate vials containing 1 ml each and vortexed for 3-5 minutes until 

the contents were a foamy consistency, with no liquid present. The vials were placed onto 

the stage of the CLIP and irradiated for 30 seconds and removed from the vials.  

Post Treatments of Cross-linked Materials 

 The cross-linked hydrogels were removed from the dog bone mold and placed 

into three different baths for 1min: 100% isopropyl alcohol (IPA), 100% methanol 

(MeOH), and 100% ethanol (EtOH) (all alcohols purchased from Pharmaco-AAPER).  

To remove excess ruthenium the hydrogels and foams were placed into 100 mL glass 

bottles with 50 mL of deionized water. These were autoclaved using a Tuttnauer 

Autoclave-Steam Sterilizer Model 2340M for one hour, two separate times, changing the 
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water in the bottle between autoclaving. The post-treated cross-linked hydrogels were 

placed back into their respective post-treatment baths, one of the 100% IPA post-treated 

cross-linked hydrogels was immediately placed into a -80 C freezer for 24 h.  

Additional Steps to Create Cross-linked Foams and Sponges 

Cross-linked foams were placed into individual 50 mL conical tubes with and 

without 40 mL of deionized water and labeled either wet frozen and dry frozen, 

respectively. These tubes were placed in the -80 C freezer for 24 h then lyopholized. 

One of each (wet frozen and dry frozen) cross-linked foam was placed in water for one 

hour, to produce cross-linked sponges.   

Mechanical Testing of Cross-linked Materials 

A Synergie 100 MTS, running TestWorks 4 software, equipped with a 50 g load 

cell was used to test the post-treated cross-linked hydrogels for mechanical properties. The 

post-treated cross-linked hydrogels were tested under compression and uniaxial tension. 

The cross-linked foams were tested only under compression, and the cross-linked sponges 

were tested using cyclical compression with 50 mm diameter aluminum compression 

platens. The data was exported and analyzed in Microsoft Excel.  

FTIR Spectroscopy 

FT-IR spectra of cross-linked materials were measured with an attenuated total 

reflectance Fourier-transform (Varian 660) spectrophotometer. Samples were placed 

directly on the stage of the ATR-FTIR, each spectrum was acquired in absorbance mode 

with 32 scans, a resolution of 4 cm-1, and a spectral range of 4000-600 cm-1. The FTIR 

spectra of cross-linked hydrogels were deconvoluted as described by Zhou.43 (Figures 9, 
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10, S2, S3). 

Results and Discussion 

Solubilization and Cross-linking rSSp Dopes 

 To incorporate ruthenium and APS into spider silk materials for cross-linking, 

researchers have traditionally relied on diffusivity.44,45 Samples are placed into a bath 

containing liquid ruthenium and APS and allowed to diffuse overnight. Preliminary results 

indicated enhanced mechanical properties however, a core-shell structure was observed, 

indicating that the cross-linking reagents were not penetrating the interior of the hydrogel. 

To address this, we developed a method to incorporate ruthenium and APS in the solvating 

agent for our rSSp. Experiments using varying concentrations of stock solution of 

ruthenium and APS were used to determine the optimal concentrations for solubilization. 

The solutions of ruthenium and APS (62.7 µM and 20.15 mM, respectively) are combined 

with nanopure water to solubilize the proteins in a 2:1:1 ratio. The key to avoiding 

premature cross-linking was incorporating the APS after the proteins were solubilized. 

Otherwise, the cross-linking reaction would be prematurely initiated through prolonged 

heat from the solubilization step.  

 Preliminary experiments using this solvation method employed a 1000 lumen 

Maglite to initiate the cross-linking reaction. 

Using this light source, samples had to be 

irradiated for 5 minutes while rotating the 

samples to ensure thorough cross-linking. 

Irradiation time was decreased to 2.5 

minutes using a 1600 lumen Duracell Figure 3.1. CLIP activated. (A) Cooling 

unit (B) Staging area for samples. 
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flashlight. It was also observed that all cross-linked hydrogels formed with a core-shell 

structure. The outer most layer being more robust than the interior indicating the light 

source was not penetrating through the entire material. To minimize irradiation time and 

increase the efficiency of the reaction to create a hydrogel that was cross-linked uniformly, 

our group constructed the CLIP (Figure 1).  The CLIP uses an 18,000 lumen 465 nm LED 

which is cooled by a liquid cooling unit typically used for CPU’s. To minimize 

environmental irradiation and focus the light onto the substrate, a staging chamber was 

mounted onto the LED. Moso bamboo was chosen as the material for the staging chamber 

due to its high heat capacity, shape,., enabling it to withstand the heat generated by the 

LED.46 The design and construction of the CLIP are detailed in the supporting information. 

With the CLIPs high irradiation level, the reaction was nearly instantaneous   

Effects of Post-treatment on Cross-linked rSSp Hydrogels 

Cross-linked hydrogels can be post-treated to produce materials with varying 

properties. When the cross-linked hydrogels are post-treated in IPA they turn opaque and 

white, rigid with some flexibility (Table 1). To generate greater flexibility, the hydrogel 

can be placed into IPA and then  into a -80°C freezer for 24 h. (Table 1).  

Post-treating in methanol results in an opaque material that has increased strain 

when compared to the IPA materials. Post-treating in ethanol results in a material that 

appears to be between the IPA and methanol post-treated hydrogels in terms of materials 

properties which is slightly translucent with decreased strain compared to methanol post-

treated materials. When samples were post-treated in MeOH and EtOH then frozen, there 

were no observable differences unlike the IPA frozen samples, seen in Figure S4. Each of 

these permutations can be cast as any shape and post-treated to yield materials with varying 
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properties through post-treatment. Presented in Table 1, are the effects of post-treatment of 

cross-linked hydrogels. 

Table 3.1. Post-treated Cross-linked Hydrogels, Foams and Sponges 

Post-treatment Physical properties Picture 

IPA Opaque white, glass-like, Rigid with 

minor flexibility 

 

IPA frozen White, translucent edges, Cartilage-

like, pulls apart in striations 

 

Methanol Solid white, flexible, stretches, 

compressed has rebound 

 

Ethanol Solid white, decreased flexibility, 

stretches less than methanol 

 

Foam White, airy, “packing-peanut”, soft, 

floats  
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Sponge Translucent white, porous, retakes 

form when compressed with addition 

of water 

 

 

Mechanical Testing of Cross-linked rSSp Materials 

 The mechanical properties of post-treated cross-linked rSSp hydrogels, 

foams, and spongers were assessed through mechanical testing. Cylindrical hydrogels, 

post-treated in IPA, methanol, and ethanol exceeded the load cell of our compression 

tests. These samples were compressed into discs, Figure 2a. The average stress-strain 

curves for these are compared to an uncross-linked hydrogel and presented in Figure 3a 

and Table 2. All samples were tested in sets of 10, except the sample set of 6 for uncross-

linked hydrogels. Utilizing our cross-linking technique, our cylindrical hydrogels 

mechanical properties have increase by a minimum of 16% and maximum of 217%. The 

Young’s modulus surpassed that of PEG hydrogels and was increased to values similar to 

rubber (small strain- 0.01 GPa)47 and low-density polyethylene (0.11 GPa),48 creating 

new applications for our cross-linked materials. 

Table 3.2.   Average Mechanical Results for Compression of Uncross-linked 

Hydrogels and Post-treated Cross-linked Hydrogels 

Sample Max Stress 

(MPa) 

Max Strain 

(mm/mm) 

Energy to 

Break (MJ/m3) 

Young’s 

Modulus (MPa) 

Uncross-linked 0.23 ± 0.05 0.24 ± 0.17 0.03 ± 0.02 1.88 ± 0.63 

IPA  49.82 ± 12.95 9.03 ± 1.23 4.97 ± 0.79 115.00 ± 20.70 
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With no stress fractures observed, the post-treated cross-linked hydrogels were 

tested for uniaxial tension in the form of dog bones (Figure 2b). The average stress-strain 

for these are presented in Figure 3b and c.  All samples were tested in sets of 10. Unpost-

treated cross-linked hydrogels were not testable due to becoming to soft after the rinse 

methods. Cross-linked hydrogels post-treated in IPA achieved the highest stress and energy 

IPA frozen  49.85 ± 9.97 5.01 ± 0.90 3.95 ± 0.59 91.4± 13.17 

Methanol  50.07 ± 9.01 5.45 ± 0.71 3.36 ± 0.37 3.41 ± 0.51 

Ethanol  35.50 ± 5.33 5.85 ± 0.87 2.56 ± 0.15 3.03 ± 0.45 

Figure 3.2. Average mechanical properties of cross-linked hydrogels, foams, and 

sponges. (A)Compression stress-strain graph of uncross-linked hydrogels (green, 

dashed) compared against cross-linked hydrogels: IPA (purple), IPA frozen (blue), 

MeOH (green), and EtOH (red). (B) Uniaxial tension stress-strain graph of IPA 

(blue, solid) and IPA frozen (red, dashed) post-treated hydrogels. (C) Uniaxial 

tension stress-strain graph of EtOH (red, solid) and MeOH (blue, dashed) post-

treated hydrogels *sharp peak observed in EtOH due to clamp tightened during 

testing. (D) Uniaxial tension stress-strain graph of wet frozen (blue, solid) and dry 

frozen (red, dashed) foams. (D) Compression stress-strain graph of wet frozen (blue, 

solid) and dry frozen (red, dashed) sponges. 

A 
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to break, at 13.23 MPa and 4.27 KJ/m3. All other post-treatments achieved far less stress 

and energy to break, with EtOH achieving the greatest strain at 151% (Table 3a).  The 

mechanical properties of our rSSp hydrogels have been enhanced through cross-linking, 

demonstrating that we can tune the mechanical properties to applications. 

 

 The average stress-strain for cross-linked foams is presented in Figure 3d. The 

freezing method, wet and dry, had a substantial impact on the foams mechanical properties. 

The strain of wet frozen foams increased by 187% with the energy to break increasing by 

359% when compared to dry frozen foams (Table 3b). These cross-linked foams, wet and 

dry frozen, have surpassed the Young’s modulus of IMPAXX foams (56 MPa)49 commonly 

used in automotive safety to absorb energy moments of impact. The mechanical properties 

Table 3.3a. Avg Mechanical Results for Post-treated Cross-linked Hydrogels Tested in 

Uniaxial Tension 

Sample 
Max Stress 

(MPa) 

Max Strain 

(mm/mm) 

Energy to 

Break (MJ/m3) 

Young’s 

Modulus (MPa) 

IPA 13.23 ± 2.42 0.43 ± 0.18 4.27 ± 0.96 101.00 ± 18.66 

IPA frozen 9.72 ± 2.13 0.23 ± 0.06 3.77 ± 0.41 78.4± 10.08 

Methanol 3.09 ± 0.52 0.26 ± 0.08 0.82 ± 0.02 5.22 ± 0.65 

Ethanol 2.75 ± 0.38 1.51 ± 0.30 2.61 ± 0.31 4.07 ± 0.48 

Figure 3.3. (A) Compressed post-treated cross-linked 

cylindrical hydrogel with no stress fractures. (B) Post-

treated cross-linked hydrogel as dog bone for uniaxial 

tension testing. 

A B 
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of our cross-linked foams indicate they could be applied to a wide variety of applications. 

 

The average stress-strain for cross-linked sponges mechanical testing results are 

presented graphically in Figure 4 and tabulated results presented in Table 4. The wet and 

dry frozen sponges were we compressed to 50%  of maximum strain for 50 cycles. The 

stress of the wet frozen sponges did not decrease, demonstrating minimal deformation. The 

initial stress of the dry frozen sponges was 5.3x more than that of wet frozen sponges, 

however after the 50 cycles the stress decreased by 36%.  

Table 3.3b. Average Mechanical Results for Cross-linked Foams Tested in 

Compression. 

Method 

 

Max Stress 

(KPa) 

Max Strain 

(mm/mm) 

Energy to 

Break (KJ/m3) 

Young’s 

Modulus (KPa) 

Wet frozen 

foam 

173.14 ± 

30.27 

0.24 ± 0.08 15.84 ± 2.62 370 ± 55.50 

Dry frozen 

foam 

137.01 ± 

25.08 

0.28 ± 0.07 14.29 ± 2.33 322 ± 51.52 

A B 

Figure 3.4. Average mechanical properties for cross-linked sponges tested in 

cyclical compression at 50% for 50 cycles. (A) Wet frozen sponge. (B) Dry frozen 

sponge. 
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Structural Characterization of Cross-linked rSSp Materials 

Post-treated cross-linked hydrogels, foams, and sponges were characterized using 

FTIR spectroscopy.  The Amide I and II spectra of the post-treated cross-linked hydrogels 

was deconvoluted using Savitsky-Golay second derivative function, presented in Figure 5a 

and 5b, respectively. The most noticeable difference is the ß-sheet content of each spectra. 

In Amide I, the IPA and frozen IPA samples contain the highest levels of ß-sheets. One of 

the most noticeable differences in the Amide I region is observed with the ethanol post-

treated cross-linked hydrogels. The Gly II helical content increased while the random coils 

almost completely disappear. Methanol post-treated cross-linked hydrogels are also 

observed to have a significant increase in random-coil content, Figure 5c.  

In the Amide II region, the post-treatment with the highest ß-sheet was methanol. 

When cross-linked hydrogels were frozen in IPA, there was a decrease in ß-sheet and Gly 

II helical content when compared to unfrozen IPA hydrogels, explaining the decrease in all 

mechanical properties. The most noticeable difference was the increase in random coil 

content for ethanol post-treatments, exceeding all other post-treatments. This contributes 

to the ability of the EtOH post-treated samples to elongate 175% prior to failure. The 

increase in beta-sheet content for IPA explains why these materials are more rigid than 

Table 3.3c. Average Results for Cross-linked Sponges Tested in Cyclical 

Compressions.  

Method 

 

Max Stress 

(KPa) 
Strain 

Energy to 

Break (KJ/m3) 

Young’s 

Modulus (KPa) 

Wet frozen sponge 4.82 ± 0.86 50% 13.42 ± 3.51 7.80 ± 1.40 

Dry frozen sponge 25.66 ± 4.05 50% 37.32± 7.13 49.4 ± 8.39 
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frozen IPA, methanol, and ethanol post-treated materials.  

 

A B 

D C 

Figure 3.5b. Deconvoluted FT-IR Amide II of post-treated 

cross-linked hydrogels; 1500-1600cm-1 (A) IPA (B) IPA Frozen 

(C) MeOH (D) EtOH. (dark blue)- random coil, (red)- Gly II 

helices, (light blue)- ß -sheet 

 

A B 

D 

Figure 3.5a. Deconvoluted FT-IR Amide I of post-treated cross-

linked hydrogels; 1600-1700cm-1 (A) IPA (B) IPA frozen (C) 

MeOH (D) EtOH. (purple)- random coil, (orange)- Gly II 

helices, (green)- ß -sheet 

C 
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The Amide I and II regions, from 1400-1800 cm-1, were scanned and deconvoluted 

to elucidate the secondary structure of the materials. The spectra for the sponges and foams 

are presented in Figure 6a and b, respectively. Observed in the Amide I region, the wet 

frozen foams and sponges are almost identical in their beta-sheet, random coil, and Gly II 

helical content. The dry frozen foams and sponges also have identical peaks. The only 

difference in the spectra between foams and sponges was due to the freezing method. In 

the Amide I region, wet frozen sponges have a decrease in Gly II-helices and an increase 

in ß-sheet content, explaining why the wet frozen sponges are more rigid and do not recoil 

to the extent of the dry frozen sponges.  

The most noticeable differences are within the Amide II region. The dry frozen 

foams have increased beta-sheet and random coil. This is hypothesized to be why the stress 

and strain are similar to wet frozen foams even with decreased ß -sheet content in the 

Amide I region. The Amide II regions of dry frozen sponges were observed to increase in 

Figure 3.6a. Deconvoluted FT-IR Amide I of post-treated 

cross-linked hydrogels; 1600-1700cm-1 (A)Wet frozen 

foam (B) Dry frozen foam (C)Wet frozen sponge (D) Dry 

frozen sponge. (purple)- random coil, (orange)- Gly II 

helices, (green)- ß-sheet 

A B 

D C 
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ß -sheet content, hypothesized to be why the stress and energy to break increased in 

comparison to wet frozen sponges. 

Increasing Biocompatibility by Removal of Excess Ruthenium  

The presence of ruthenium can decrease the biocompatibility of cross-linked rSSp 

materials.50–52 We utilized two methods for removal of excess ruthenium, a slow and 

expedited diffusivity rinse. Presented in Figure 7A and C, are examples of an unwashed 

and washed cross-linked hydrogels. For the slow rinse, cross-linked rSSp materials were 

placed into 50 mL conical tubes filled with deionized water and rotated for 24 hr. Since the 

ruthenium fluoresces orange,53–55 the cross-linked materials were placed on the clip stage 

after each rinse. With the clip activated, materials that fluoresced orange, presented in 

Figure 7C (top hydrogel A), were rinsed using new water for another 24 hr. It was observed 

that after three days, all ruthenium was removed as shown in Figure 7C, hydrogel B.  

Figure 3.6b. Deconvoluted FT-IR Amide II of cross-

linked foams and sponges; 1500-1600cm-1 (A)Wet 

frozen foam (B) Dry frozen foam (C)Wet frozen sponge 

(D) Dry frozen sponge. (dark blue)- random coil, (light 

blue)- ß-sheet 

A B 

C D 
1600 1550 1500 1450
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To increase the rate of diffusivity, samples were autoclaved. Uncross-linked 

hydrogels do not have the strain and stress necessary to withstand being autoclaved, but 

the crosslinked materials show no damage. The expedited method utilizing autoclaving 

reduced rinsing time from three days to two hours.  It was observed that unpost-treated 

cross-linked hydrogels had a volume increase of 65% making the hydrogel too soft to be 

mechanically tested. After two autoclave cycles, the materials no longer fluoresced 

orange. Utilizing the slow and expedited rinse methods, the in vitro biocompatibility of 

cross-linked rSSp materials was tested in vitro. 

In vitro Biocompatibility Testing of Washed Cross-linked Hydrogels 

To demonstrate the improved biocompatibility as a result of the rinse methods, two 

cell growth studies were performed. Two sets of cross-linked hydrogels were cast, cross-

linked and post-treated in IPA, and MeOH. Ethanol post-treated samples were omitted due 

to an inability to promote healthy cell growth. One set was left unwashed, while the other 

set was washed using the expedited method described previously. Unpost-treated 

hydrogels were not used in this study because they were too weak and could not be 

mechanically tested on our system. Both sets of cross-linked hydrogels were cut into 1.15 

mm thin wafers, placed into petri dishes and seeded with cells. Baby hamster kidney cells 

(Clone 31, Sigma Aldrich, 85011433-1VL) were used as they are genetically stable, grow 

Figure 3.7. Rinse results of Cross-linked hydrogels. (A) 

Unwashed (B) Washed (C) CLIP used to excited excess 

Ruthenium. 
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well in adherent and submerged cultures, and are virally resistant.56–62 The cells were 

observed for proliferation and passaged several times onto the two sets of wafers, 

unwashed post-treated and washed post-treated, to observe the growth effects. The 

presence of the cross-linking reagents decreased the biocompatibility of the post-treated 

cross-linked hydrogels observed in Figure 8. The control well, Figure 8a has healthy cells 

while there is little to no cell growth in the unwashed cross-linked post treated hydrogel 

samples in Figure 8b and 8c. All cross-linked post-treated hydrogels did not hinder cell 

growth and created a matrix for the cells to grow upon observed in Figures 9b, and 9c.  

 

 

 Figure 3.8. BHK cell growth study using unwashed cross-linked post-treated 

hydrogels. (A) Control well (B) IPA post-treated (C) methanol post-treated. 

Figure 3.9. BHK cell growth study using washed cross-linked post-treated 

hydrogels. (A) Control well (B) IPA post-treated (C) methanol post-treated. 
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Conclusion 

To enhance our rSSp hydrogels, foams, and sponges, photo-induced cross-linking 

of unmodified proteins (PICUP) was used to generate intramolecular dityrosine cross-

links. The cross-linked proteins generate materials with new properties. The cross-links 

resulted in a 200x, 21x, and 61x increase in the max stress, strain, and Young’s modulus 

respectively of our hydrogels. This technique has also decreased the time necessary to form 

an rSSp hydrogel to just seconds. Traditional means of creating rSSp hydrogels such as 

increasing protein concentration, addition of propionic acid, and vigorous vortexing need 

to go through a gelation process to solidify into a hydrogel.12,25,26,29,31 Using our modified 

techniques and the CLIP, we are able to create rSSp hydrogels virtually instantaneously 

when the samples are irradiated. This has enabled our group to create hydrogels, foams, 

and sponges of any shape. Our technique has also demonstrated a proof of concept for 3D 

printing applications. These materials stress, strain, and tensile strength can further be 

enhanced when post-treated in alcohol baths. Through mechanical testing and initial in 

vitro biocompatibility testing, we have demonstrated the properties of the cross-linked 

materials for potential future uses. 
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CHAPTER IV 

CONCLUSION 

Modifying the iMe electrospinner has enabled our group to create continuous 

electrospun yarns composed of HFIP solubilized rSSp. Through extensive experimentation 

of electrospinning rSSp, we have concluded that aqueous-based and composite dopes are 

incapable of creating fibers. The polymers used as a carrier in the composite dopes believed 

to aid in rSSp to form fibers. However, without the incorporation of a coagulation bath, the 

sheer stress is not enough to mature the rSSp into fibers, resulting in composite material 

with randomly distributed rSSp. This, in turn, decreases the mechanical properties due to 

the rSSp interrupting the polymer chains.  

Wet-spinning is able to create fibers from aqueous-based dopes by incorporating a 

coagulation bath containing alcohols that mature the proteins into fibers. Without being 

able to safely incorporate a coagulation bath into electrospinning, it is impossible to force 

the aqueous-based dopes to form their secondary, tertiary, and quaternary structures to 

create a mature fiber. Using HFIP as the solvent, rSSp are kept in a transitional state, 

enabling us to create yarns using continuous electrospinning without the incorporation of 

a coagulation bath. These yarns are composed of hundreds of nanofibers possessing no 

stress focal points. This results in yarns with mechanical properties surpassing those of 

natural silk, enabling us to create yarns with novel properties. 

Recombinant spider-silk protein materials already possess desirable properties that 

can be applied in the medical field. However, they do not always meet the need for certain 

applications, such as bone or cartilage replacement. To further enhance the mechanical 

properties of non-fiber rSSp materials, we have utilized PICUP in a novel manner. Through 
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extensive experimentation, the optimal concentrations of ruthenium and APS were used to 

create stock solutions. Using a method developed in our lab, these stock solutions are used 

to solubilize our proteins, creating a dope that has the cross-linking components within. 

This step removes the overnight diffusivity commonly used in PICUP.  This method has 

also increased the efficiency of our cross-linking reaction, enabling the materials to be 

cross-linked throughout the entire substance instead of creating a core-shell structure seen 

with diffusivity.  

The creation of the CLIP enabled our group to drive the cross-linking reaction to 

maximum efficiency, instantaneously initiating the reaction resulting in novel materials. 

The increased efficiency of our technique has also created a method for 3D printing with 

our rSSp. This removes the need for molds and decreases the time needed for solidification 

of hydrogels. Post-treating these cross-linked materials further enhances their mechanical 

properties, creating a wide array of materials with varying physical and chemical 

properties. Utilizing continuous electrospinning and PICUP, our group has created novel 

rSSp materials with robust and tunable properties.  

Future Work 

Research will continue to devise a method for creating continuously electrospun 

yarns from aqueous-based dopes. This is critical to upscale the process to produce viable 

amounts of robust rSSp yarns that will surpass the mechanical properties of natural silk. 

Using computational programs, the electric field will be studied with the goal of 

understanding the physics of electrospinning. This will give us a better insight as to why 

fibers do not always collect onto the target and why certain dopes do not electrospin. 

Modifying the iMe electrospinner further will enable us to efficiently create and collect 
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yarns for further post-treatment with the goal of upscaling the process.  

The cross-linked rSSp materials studied in this research are just a few of the 

possible permutations. Using different post-treatment baths can result in materials with 

novel properties. 3D printing using the CLIP will also be explored, creating shapes that 

could be used in the medical setting as replacements for cartilage, bone, etc. These new 

cross-linked materials will be characterized using mechanical testing, structural analysis 

(FT-IR, Raman, NMR), and biocompatibility studies, assessing the possible applications.   
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APPENDIX A 

 

 

MODIFICATIONS TO IME ELECTROSPINNER TO PRODUCE CONTINUOUS 

YARNS 
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The iMe electrospinner (Model: EC-DIG/P12043) was purchased by our group to 

create electrospun materials composed of pure rSSp or composites with polymers. The 

machine came with two targets, a stationary circular target and a rotating drum. The 

stationary target is used to assess whether the solution is capable of forming fibers. When 

the solutions have been deemed appropriate for electrospinning, they are used to 

electrospin onto the rotating drum. The rotating drum creates mats composed of oriented 

nanofibers, resulting in a porous mat. These mats can be used as is or can further be 

processed into yarns. This is done by cutting 2 mm strips — oriented with fiber direction 

— then rotating the yarn in either direction to create a twisted yarn. This process can result 

in yarns with cuts and diameter inconsistencies, resulting in stress focal points that cause 

the yarns to fail. For this reason, continuously produced electrospun yarns are of interest 

to our group.  

The modifications to our iMe electrospinner are derived from the design created at 

Deakin University by Dr. Tong Lin. His design consists of two syringe pumps with 

polymers loaded into syringes, as well as a grounded metal funnel that is used as the target.  

When voltage is applied, the oppositely charged nanofibers collect onto the grounded metal 

funnel. This, in turn, creates a highly twisted, continuous electrospun yarn.  

Our modifications are based on this design, with alterations to enable us to use our 

rSSp for electrospinning. A DC motor purchased from Dayton (model 

number: 3LCH7) was used to rotate the metal funnel. The power supply 

was purchased from Amazon.com (model number: S-360-12) to control 

the motor attached to the funnel using an attached potentiometer. The 

funnel was custom made by Lunazul Gallery on Etsy. The funnel has an Figure A1: 

Metal funnel 
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opening of 63 mm, a bell height of 30 mm and a stem height of 50 mm (Figure A1).  The 

stem has an opening of 12.5 mm that’s designed to slip onto a 12.5 mm oak dowel 

purchased from Lowes. Wood was chosen as the connector from the motor to the funnel to 

prevent any charge from shorting out the motor.  

Preliminary trials used two syringe pumps that were loaded with our rSSp dopes 

and had one electrode connected to each syringe tip. This was unsuccessful. Fibers did not 

collect onto the rotating funnel or form within 

the electrospinning chamber. To address this, 

our group removed the ground from the 

rotating funnel and attached the negative 

electrode to the funnel. A stabilizing chamber 

with a connector for the electrode was created 

using ¼ inch thick polycarbonate sheets 

(Figure A2). When the voltage was applied, 

fibers were seen to collect onto the mouth of the funnel, successfully creating electrospun 

fibers from our solutions. To collect the continuous electrospun yarn produced, we created 

a reeling system located outside of the electrospinning chamber. The reeling system 

consists of an 18 cm long, 2.14 cm wide PVC tube purchased from Lowe’s. The yarn 

retriever that slides into and out of the PVC tube is a 31 cm long, 6.5 mm thick oak dowel 

that has a glass rod attached at the end. The glass rod is used to attract the yarn, while the 

wooden dowel prevents the researcher from being shocked. Pulley systems were created 

using polycarbonate to maintain the yarn’s tension and alignment. With the yarn pulled 

through the PVC tube, it is attached to a rotating motor outside the system (Figure A3). 

Figure A2: Stabilizing chamber with 

electrode attachment 
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Figure A3: Reeling system for continuous electrospinning 
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APPENDIX B 

 

INSULATING IME ELECTROSPINNER TO REDUCE STATIC INTERFERENCE 
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Several factors contribute to successful electrospinning. One of the main factors 

that decreases the efficiency of electrospinning is static charge. To efficiently electrospin, 

humidity has to be within a narrow range — 20-30% relative humidity. When this range is 

not met, a static charge is present throughout the chamber. Any materials that can hold a 

charge will attract electrospun fibers, reducing the efficiency of collecting them onto a 

target. To address this, our group created an anti-static housing for our syringe pumps, 

reducing the affinity for fibers to attach on the metal of the pump. This housing was covered 

in an anti-static rubber spray purchased from Lowe’s (Performix, Plasti Dip). The housing 

was then covered completely using electrical tape to further reduce any static charge 

(Figure B1 and B2). This Plasti Dip was also used to coat the stabilizing chamber and the 

outside of the funnel.   

Figure B1: Back- opening for 

syringe pump 

Figure B2: Front end of housing with syringe 

tip exposed. 
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APPENDIX C 

 

PRELIMINARY CROSS-LINKING EXPERIMENTS USING HAND-HELD 

FLASHLIGHTS 
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Preliminary cross-linking experiments utilized a 1000 lumen Maglite. Using this 

light source, materials had to be irradiated for 5 minutes to drive the reaction to 

completion. To decrease irradiation time, and thus increase the reaction’s efficiency, we 

used a 1600 lumen Duracell flashlight. Experiments using this light source required only 

2.5 minutes of irradiation time. By increasing the light intensity, we were able to 

successfully increase the efficiency of the reaction. However, hydrogels that were cross-

linked using these handheld light sources all had a common characteristic. When 

compressed through mechanical testing, all cross-linked hydrogels would break apart in 

two distinguishing parts: a core and shell. This led our group to believe our materials 

were being cross-linked, but the reaction was not fully penetrating the substance. To 

address this, our group set out to create a light source specifically designed to maximize 

the efficiency of the cross-linking reaction.    
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APPENDIX D 

 

CONSTRUCTION OF CROSS-LINK INITIATING PHOTODIODE (CLIP) 
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Most research groups that perform PICUP to modify proteins employ a 200 W 

Xenon arc lamp, ranging in cost from $1,500 to $4,000. Due to the heat generated from the 

light, they cannot be activated for prolonged periods of time. We set out to create our own 

high-intensity light source for a fraction of the cost. To further increase the efficiency of 

our experiments, we created the cross-link initiated photodiode (CLIP). The CLIP has been 

designed for maximum efficiency of our cross-linking experiments. The CLIP housing is 

composed of a box made up of ½ inch thick polycarbonate sheets with air vents cut into 

them to ensure proper air flow. The CLIP originally consisted of a 200 w Bright White 

LED (broad spectrum) purchased on Amazon. This LED is equivalent to 16,000 lumens. 

The LED is attached to a Corsair Hydro Series Extreme Performance Liquid CPU Cooler 

H100I, also purchased from Amazon, to reduce heat and prolong the life of the LED. The 

supplies for the LED and cooling unit were purchased from eBay. Extra fans were mounted 

to the cooling unit to further increase efficiency. A two-way switch was purchased from 

Lowe’s and integrated into the LED and cooling system. This enabled us to power the LED 

and cooling system separately. Chinese moso bamboo, which is approximately 8 inches in 

diameter and ½ inch in thickness, was used for the stage of the CLIP due to bamboo’s heat 

resistance. Plastics used prior to the staging area would melt due to the extreme heat 

produced. To further reduce heat, two 3-inch fans were mounted onto either side of the 

staging area. Preliminary experiments using the CLIP instantaneously cross-linked our 

materials, solidifying them into a gel upon being irradiated. This enabled our group to 

essentially 3D print using the CLIP and cross-linking dopes. Research into the cross-

linking components revealed that ruthenium is activated at a specific wavelength, 460 nm. 
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With this knowledge, the original 200 w bright white LED was exchanged for a 200 w Blue 

LED with a wavelength of 465 nm (Figure D1).   

Using this updated CLIP, our materials have surpassed the mechanical load cell of 

50 N. The efficiency of the CLIP has driven the cross-linking reaction into a cascading 

effect. When attempting to 3D print, the syringe must be moved quickly — otherwise, the 

cross-linking will travel up the syringe tip, solidifying the contents. When cross-linked 

hydrogels are compressed, we no longer observe the core-shell structure seen with 

handheld light sources. Instead, the cross-linked hydrogels compress into a disc with no 

visible stress fractures on any side.   

Figure D1: CLIP with 465 nm LED. Red arrow indicates cooling system. 
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